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Abstract 
 
 
Pollution poses serious threats to both the environmental and the organisms that depend 
on their environment for survival.  Due to the toxicity of most contaminants, there is a dire need 
for remediation of polluted sites.  Remediation studies were conducted on two high priority 
pollutants: 2,4,6-trinitrotoluene (TNT) and crude oil.   
TNT was the most common explosive used in the 20
th
 century.  Continuous 
contamination has resulted in an urgent need for remediation.  Fenton reagent provides an 
advanced oxidation process that is capable of remediating recalcitrant explosives, such as TNT.  
One drawback of Fenton chemistry is that the reaction requires acidic pH to prevent precipitation 
of iron.  Our studies have investigated Fenton degradation of TNT at near neutral pH with 
several modifiers present: β-cyclodextrin, carboxymethyl-β-cyclodextrin, alcohols, and 
polyethylene glycol (PEG, MW 200, 400, or 600 g/mol).  Fenton degradation was also carried 
out on other nitroaromatics to better understand the reaction mechanism with PEG 400.  Further 
mechanistic studies investigated the production of nitrate and ammonium with and without PEG 
400.  
The Deepwater Horizon oil spill devastated the Gulf of Mexico and the surrounding 
wetlands.  There are several mechanisms for degradation of oil released into aquatic 
environments.  Bioremediation is one of the most important remediation methods; however 
degradation becomes stagnant in low nutrient waters. Furthermore, larger molecular weight 
alkanes and polycyclic aromatic hydrocarbons (PAHs) are not readily available for 
biodegradation. Transformation of these molecules often requires initial photodegradation.  We 
have investigated the photochemical transformation of oil films with and without photocatalysts 
xi 
 
present.  To better understand the photochemical transformations that occur to the Deepwater 
Horizon oil, we have conducted additional studies with dispersants present.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Keywords: TNT, Fenton, Deepwater Horizon Crude Oil, Photolysis, Remediation 
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CHAPTER 1 
 
2, 4, 6-Trinitrotoluene 
 
2,4,6-Trinitrotoluene Chemical and Physical Properties 
2,4,6-Trinitrotoluene (TNT) is also known as trinitrotoluol, Trotyl, and tilite.  It exists as 
a colorless orthorhombic crystal or light yellow monoclinic needles with a crystal density of 
1.654 g/cm
3
 at 20
○
C.
1
  TNT’s solubilities in water, ethanol, toluene, and acetone are 0.013, 1.23, 
55, 109 g/100g at 20
○
C, respectively.  The melting point of TNT varies from 80.2-80.8
○
C 
depending on the purity.  TNT is synthesized by reacting toluene with concentrated nitric acid 
and concentrated sulfuric acid, Figure 1.1.  This method of synthesis usually yields 95.5% 2,4,6-
trinitrotoluene and 4.5% other trinitrotoluene isomers.
2
  Unwanted trinitrotoluene isomers and 
dinitrotoluene species are removed by treating the reaction mixture with aqueous sodium sulfite.  
 
Figure 1.1. Synthesis of TNT 
The energy and enthalpy of formation of TNT is -184.8 kJ/kg and -261.5 kJ/kg, 
respectively.
3
  The impact and friction sensitivity is 16 N m and 353 N, respectively.  Reported 
2 
 
explosion temperatures for TNT rage from 275-295
○
C, and the confined detonation velocity is 
6,900 m/s.  Decomposition of TNT via detonation can undergo two different transformations: 
2 C7H5N3O6 → 7 CO + 7 C + 5 H2O + 3 N2    (1) 
2 C7H5N3O6 → 12 CO + 2 C + 5 H2 + 3 N2     (2) 
History of TNT 
In 1835 Pelletier and Walter discovered toluene as a degradation product obtained by 
heating petroleum resin.
4
  In 1841, mononitration of toluene was accomplished.  In 1863, Julius 
H. Wilbrand first prepared crude TNT.
5
  Further investigations on the detailed procedure of the 
preparation of TNT by Beilstrin and Kuhlberh led to the discovery of other isomers.
6
  TNT was 
prepared in its pure form in 1880 by Hepp and its structure was determined in 1883 by Claus and 
Becker.
4, 7
  Germany began manufacturing TNT as a yellow dye in 1891 and in 1899 aluminum 
was added to produce the explosive composition.  In 1902 the Germans began to use TNT to fill 
their ammunition shells.
8
  Until this time picric acid was used as the explosive of choice, 
however after TNT explosive properties were identified it became the go to explosive due to 
many advantages over the former explosive including: less poisonous, completely unaffected by 
dampness, less dense, cheap to prepare, and less sensitive to impact than picric acid.  In addition, 
TNT’s low boiling point allowed for safer and easier shell filling.  Britain tested TNT as a 
potential explosive in 1902 and 1905, but due to it being less powerful and harder to detonate 
then picric acid, Britain did not employ it as an explosive until 1913.
9
   
 TNT became a high demand explosive in World War I (WWI).  It has been estimated that 
during WWI the Germans produced 2,500 tons of TNT a week, a massive amount in comparison 
to Britain’s 20 tons a week production.9  Because of its advantages over previous explosives, 
TNT is known to be the most commonly used binary explosive in the 20
th
 century.  Binary 
3 
 
explosives are explosives that consist of two or more components. Commercial binary TNT 
compositions include: amatols (TNT and ammonium nitrate), tritonal (TNT and aluminum 
powder), octols (TNT and octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX)), 
cyclotols/Composition B (TNT and 1,3,5-trinitroperhydro-1,3,5-triazine (RDX)), pentolites 
(TNT and pentaerythritol tetranitrate), and tetryols (TNT and tetryl),  Torpex (TNT, RDX, and 
aluminum powder), and HBX (TNT, RDX, and aluminum powder).
10
  
Toxicity of TNT  
Toxic effects have been observed for several explosives and components of explosive 
mixtures which lead to a potential for environmental risks.   Toxicity of nitoaromatics have 
become of great importance due to the mass production of explosives during the 20
th
 century.  
The first case of acute TNT toxicity in the United States was in 1917 when a factory worker died 
24 hours after a jaundice diagnosis that was caused by atrophy of the liver.
11
  During the first 7 
months during WWI, 17,000 TNT poisonings were reported, and of these 475 poisonings 
resulted in death in the US.
12
  From 1916 to 1917, 370 cases of TNT related jaundice was 
reported in England and 96 cases resulted in death.  In Germany, during 1917 to 1918, 1000 
cases were reported of TNT related jaundice with 113 of these cases resulting in deaths.  Later 
during WWI the number of toxic TNT incidences decreased due to the increase in understanding 
of the toxicity, prevention, and treatment of TNT poisoning.  During World War II, only 22 
fatalities were reported in the US for all government owed explosive manufacturing plants.
8
    
Several factors determine the severity of TNT’s health effects including the dose, the 
duration, and the routes of exposure.  Possible routes for TNT exposure include oral ingestion, 
dermal contact and inhalation.   Orally ingested TNT travels throughout the blood stream and 
into all of the organs.  Once TNT has reached the liver it is then broken down to several different 
4 
 
compounds.  Most of these compounds have been identified and the mechanisms of TNT 
biotransformations are listed in Figure 1.2.  Biotransformation of TNT occurs through a 
reductive pathway.  The overall process is a 6 electron transfer that converts a nitro group to a 
nitroso group followed by further reduction to a hydroxylamine.  Final reduction of the 
hydroxylamino group results in the formation of an amino group, which with further reduction 
can be released as ammonium.  In addition to the amino substituted toluene and cresols, 
complexation of two 4-hyrdoxylamino-2,6-dinitrotoluenes can occur in reducing atmospheres to 
form azoxytetranitrotoluene.   
Numerous studies have been conducted on the toxicity of TNT after oral exposure.  
Fatalities have been observed in rats, mice, and dogs after either single or multiple doses of TNT.  
From these studies it was observed that the lethal dose to kill 50 percent of the test species was 
dependent not only on the species of the animal, 1320 mg/kg/day for a rat verses 32 mg/kg/day 
for a beagle, but also on the sex of the animal, 1320 mg/kg/day for male rats verses 795 
mg/kg/day for female rats.
13, 14
  In addition to fatalities, other less serious symptoms were 
observed for orally exposed test species.  Dilley et al. reported that a low exposure (1.4-34.7 
mg/kg/day) to TNT in rats resulted in no adverse effect; however when the TNT concentration 
was increased (160 mg/kg/day) anemia, high cholesterol, and a decrease in the body weight was 
observed.
14
  Levine et al. observed similar results in rats and found that the renal cortex 
discolored to a yellow-brown color.
15
  Dilley et al. and Levine et al. observed that with 
intermediate TNT exposure, the weight of the spleens of rats, mice, and dogs increased.
14, 16
  
Additionally, they also found that that rats and dogs orally exposed became lethargic after 
exposure.
13, 15, 17
   
 
5 
 
 
Figure 1.2. The biotransformation of TNT.
18
 Degradation products: TNT (1), 4-hydroxylamino- 
2,6-dinitrotoluene (2), 2-hyrdoxylamino-4,6-dinitrotoluene (3), 4-amino-2,6-dinitrotoluene (4), 
2-amino-4,6-dinitrotoluene (5), 4,6-diamino-2-nitrotoluene (6),  2,6-diamino-4-nitrotoluene (7), 
2,6,2’,6’-tetranitro-4,4’-azoxytoluene (8), 2,4,6-trinitrobenzyl alcohol (9), trinitrobenzoic acid 
(10), 4-amino-2,6-dinitrobenzyl alcohol (11), 2,4-diamino-6-nitrobenzyl alcohol (12), 2,4-
diamino-6-nitrobenzoic acid (13), 5-nitro-m-phenyleneamine (14), 4-amino-2,6-dinitro-m-cresol 
(15) 
Currently, there are no reports of health effects of TNT after inhalation; however a 5 year 
study has reported levels of aminodinitrotoluenes in urine of workers of a TNT manufacturing 
plant.
19
  Hassman et al. surveyed 54 workers in a TNT manufacturing plant that averaged 13.9 
years of exposure.
20
  Of the workers surveyed 87% were diagnosed with cataracts and 9.3% have 
reported other toxic damage.  Studies later by Hassmanova et al. reported liver steatosis in a 55 
year old male TNT manufacture worker.
21
   Since there is no way to determine the amount of 
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TNT inhaled, these studies cannot differentiate whether these conditions were caused by 
inhalation or absorption through the skin.   
Numerous studies have been conducted on the absorption of TNT via dermal contact.  
Moore claimed that the skin is the main means of entrance of TNT contamination for workers 
with oily and sweaty hands.
22
  Additionally, Barnes’ studies found an increase in toxic TNT 
symptoms for workers with oily hands in comparison to workers with dry hands.
23
   Studies by 
Voegtlin et al. examined the intensity of TNT skin contamination on workers during 1921 to 
1922.
24
  To measure the intensity of the contaminated area the skin was treated with alcoholic 
sodium hydroxide and the resulting color was noted.  In these studies higher intensity of TNT on 
workers’ hand palms and in the ankle region, areas not appropriately protected by clothing.   
Haythorn attempted to demonstrated the absorption of TNT through the skin by rubbing large 
amounts of TNT on his arms for several days; however, in these studies a positive Webster test 
was not observed.
11
  Studies conducted by Neal et al. observed traces of TNT metabolites in 
urine after 500 mg of finely ground TNT was rubbed into the palms of human hands and covered 
with gloves for 8 hours.
25
 
The US Environmental Protection Agency (EPA) has classified TNT as a class C 
carcinogen and has regulated TNT contamination in soil to 17.2 ppm and in water to 2 μg/L.26, 27  
In addition, sites that significantly exceed the EPA set concentrations of TNT contamination are 
listed on the National Priorities List (NPL), also known as superfund sites.  Of the 1,338 NPL 
sites in the US, TNT contamination accounts for 20 superfund sites, Figure 1.3.
28
  The US Army 
has estimated that in the US alone there is over 1.2 million tons of TNT contaminated soil.
29
  
7 
 
 
Figure 1.3. Location and number of TNT contaminated NPL superfund sites in the US.
28
    
Fate and Transport of TNT 
 There are many factors that affect the fate and transport of TNT including transformation, 
pH, absorption, and irreversible bonding to soil.
30-34
  Partition coefficients are used to express the 
probablilty of the TNT in the one phase over another.  Partition coefficients are calculated by 
measuring the TNT in each phase and comparing the ratio.  To determine the soil/water partition 
coefficient the concentrations are found in the equilibrium 
    [TNT]soil  [TNT]water 
where [TNT]soil is the concentration of TNT in the soil and [TNT]water is the concentration of 
TNT in the water.   These concentration are then used to calculated the soil/water partition 
coefficients 
    Koc = [TNT]soil/[TNT]water 
8 
 
where Koc is the soli/water partition coefficient of the TNT.  TNT has a high affinity for soil 
(soil/water partition coefficient 6.38 L/kg) due to TNT’s low water solubility (Kow 1.6).
35
  TNT 
migration is common and is found to be dependent on the soil conditions.  Reduction of a nitro 
group on TNT to an amine group results in an increase in the soil/water partition coefficient to 
7.91 L/kg thus increasing the adsorption of TNT to the soil.  Further reduction of a second nitro 
group increases the soil/water partition coefficient to 11.96 L/kg.  Studies have observed that the 
adsorption of TNT onto humic acids is pH dependent.
31-34
   Brannon et al. studied the 
transformation of TNT at different pHs.
36
  In these studies, TNT reduction to monoamino and 
diamino species was observed at all pHs; however, a drastic increase in reduction was observed 
for system at pH 8.  Increased transformation would result in a higher content of amino 
substituted species, thus resulting in more of the original TNT binding to the soil.   
Myers et al. studied the recovery of TNT though a column of 3 different soils.
37
  These 
studies found that sandy soil (50μm-2mm particle size) columns resulted in 97.5% recovery of 
untransformed TNT, 0.6% of transformed TNT (0.2% 2,4-diaminonitrotoluene, 0.4% 2-
aminodinitrotoluene) and 1.9% of TNT unrecoverable.  Slit soil (2μm-50μm particle size) 
columns resulted in 0.1 % of TNT and 83.6% transformed TNT was recovered (59.4% 2,4-
diaminonitrotoluene, 17.3% 2,6-diaminonitrotoluene, 3.7% 4-aminodinitrotoluene, 3.2% 2-
aminodinitrotoluene).  In the slit studies 15.9% of TNT was not recovered.  In clay soil (<2μm 
particle size) columns, 0.1% TNT and 67.5% of transformed TNT was recovered (29.1% 2,4-
diaminonitrotoluene, 14.3% 2,6-diaminonitrotoluene, 7.5% 4-aminodinitrotoluene, 16.6% 2-
aminodinitrotoluene) and 32.3 of TNT was not recovered.  These studies indicate that the 
adsorption of the TNT to the surface is depended on the grain size and the organic content of the 
soils. Clay soil samples in these studies had the highest organic content, thus more of the TNT 
9 
 
was adsorbed to the surface.  Additionally, slit soils had an increase in the transformation 
products and the adsorption of TNT in comparison to sand which had similar organic content.   
The formation of higher percentage if diaminonitrotoluene in the slit soils than the clay soils 
suggested that the slit column has a higher tendency for TNT reduction.  The unrecovered TNT 
was rationalized as loss due to irreversible binding to the soil, which has been previously 
observed.
32, 38-40
   
Haderlein et al. investigated nitroaromatic compound sorption on different clay 
minerals.
41
  In these studies researchers found that the different sorption of the nitroaromatics to 
the clays were high when exchangeable cations, K
+
 and NH4
+
, were present in the clays; 
however, low sorption was observed in the present of homoionic (containing one cation species) 
Na
+
-, Ca
2+
-, Mg
2+
-, and Al
3+
- clays.  In addition, higher adsorption coefficients were reported for 
polynitrated aromatic compounds, such as TNT, but little absorption was observed for 
nonaromatic nitrated species, such as RDX.  High adsorption coefficients were observed in the 
Haderlein et al., however in these studies the adsorption to the clay was found to be reversible.   
Remediation of TNT 
 Numerous contamination sites are present due to the detonation, manufacturing, and 
storage of TNT.   Because of the toxic and mutagenic risk of TNT, there is a dire need for the 
remediation of contaminated sites.    Methods for remediation of TNT from contaminated sites 
include physical removal (i.e. activated carbon), incineration, photodegradation, 
phytoremediation (plant based degradation), microbial degradation, and advanced oxidation 
processes.  Various physical methods for the removal of TNT from contaminated soil have been 
studied.
42, 43
  While these studies did observe removal of TNT, they are very expensive and in 
many cases require ex-situ treatment.  Phytodegradation has shown promise for TNT removal, 
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but it is limited by the depth of the roots in the soils.
44-47
  Furthermore, after excessive uptake of 
TNT, toxic effects are observed in plants. Microbial degradation has exhibited advantages over 
the aforementioned methods due to the ability to reach deep subsurface soil contamination sites. 
Microbial degradation transforms one or two nitro groups to amino groups.
48
  The reduction of 
the nitro group increases the bonding to soil, thus increasing the probability of irreversible 
bonding. In addition, reductive products from TNT degradation can react with each other to form 
an azoxytetranitrotoluene, which has higher mutagenic effects than TNT.
48, 49
  In addition, some 
products of microbial transformation are recalcitrant to the microorganisms that formed them.
50
  
In order to fully mineralize TNT contaminated sites, other methods of degradation are need.   
Advanced oxidation processes (AOP) have been shown to be very capable in degradation 
of a wide variety of inorganic and organic pollutants.  In AOP generation of radical species, 
hydroxyl radical is mainly responsible for the oxidation of pollutants.  Hydroxyl radical is a 
strong oxidant.  Unlike most radicals, hydroxyl radical is a nonspecific radical, which allows for 
the transformation of a large variety of organic pollutants.  In most cases the reaction of an 
organic pollutant with hydroxyl radical leads to complete mineralization of the pollutant to yield 
CO2.  Like previous remediation methods mentioned, AOP are ecofriendly and are inexpensive.   
Various AOP for TNT removal include: photodegradation, electrochemical degradation, 
and Fenton reagent.   Numerous studies have been conducted on photodegradation of TNT.  In 
these studies photodegradation has been assisted with the addition of hydrogen peroxide, ozone, 
and photocatalysts.  Hwang et al. studied hydrogen peroxide photo-assisted degradation of TNT 
contaminated water at different pHs and peroxide concentrations.
51
  Decolorization of the 
contaminated water was achieved within an hour of exposure, yet superior decolorization was 
observed with higher peroxide concentration and lower pHs.  Further studies by Hwang et al. 
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examined the coupling of microbial and photodegradation.
52
  Minimal degradation was reported 
for samples not exposed to the light; however, photolysis samples exhibited 40 and 73% of TNT 
mineralized after 3 days of exposures for samples without and with riboflavin, respectively. 
Chen et al. examined photolytic TNT degradation with ozone present.
53
  Degradation of TNT in 
spent acid was found to be independent of the irradiation intensity and the concentration of 
sulfuric acid in the solution; however, the removal was found to be dependent on the temperature 
of the system and the amount of ozone present.     
An increasing number of studies have investigated photocatalytic degradation due to the 
ability to fully mineralize organic pollutants.  Dillert et al. studied the photolytic and TiO2 
phototcatalytic degradation of TNT with hydrogen peroxide.
54
  These studies investigated a 
variety of parameters including pH and hydrogen peroxide concentration.  Without hydrogen 
peroxide present, 78% and 57% of TNT was degraded from solutions at pH 7 and 11, 
respectively.  When 0.1 mM hydrogen peroxide was added, 72% and 56% of the TNT was 
removed at pH 7 and 11, respectively.  When TiO2 was added to these same systems, an increase 
in the rate of degradation was observed at all pHs, and hydrogen peroxide addition only slightly 
increase degradation rate at pH 11.  Son et al. examined the TiO2 photocatalytic degradation of 
TNT at different pHs.
55
  In agreement to the Dillert et al. studies, mineralization of TNT 
increased in the presence of photocatalyst and higher degradation rates were observed for neutral 
and basic pHs.  Photodegradation is has been proven to be effective in the degradation of TNT, 
but it is not practical for subsurface contaminated sites.
54, 56-61
   
Electrochemical reactions utilize anodes in an aqueous solution to produce hydroxyl 
radical: 
     H2O → 
•
OH + H
+
 +e-     (3) 
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  In addition to hydroxyl radical production at the anode, water can be oxidize at the 
anode and hydrogen peroxide can be produced by reduction of O2 at the cathode: 
     2 H2O → O2 + 4 H
+
 + 4e-    (4) 
O2 + 2H
+
 +2e- →H2O2      (5) 
Chen and Liang have studied the electrochemical destruction of TNT in spent acids from the 
nitration of toluene.
62
  Complete mineralization of TNT as well as any other organic species was 
observed in these studies.  Rabanal et al. studied the electrochemical degradation of TNT in 
concentrated sulfuric acid.  To increase the oxidizing potential in this study, ozone was added to 
the system.
63
  With addition of the ozone, 60% of the TNT was removed.  Doppalapudi et al. 
reported successful reduction of TNT by electrochemical processes in waste water.
64
  In these 
studies it was found that increasing current lead to an increase in the rate of TNT degradation; 
however, with the higher density currents mass transfer governed the degradation rates.   
Electrochemical degradation is a viable method for TNT removal from aqueous waste systems, 
but using this method for TNT removal from soil is not feasible.   
Fenton’s Reagent 
In 1876, Henry J. Fenton observed the oxidation of tartaric acid in the presence of ferrous 
sulfate and hydrogen peroxide.
65, 66
  Fenton’s studies noted minimal oxidation was observed with 
Fe
3+
 present, however when Fe
2+
 was present extensive oxidation was observed.  Studies later by 
Haber and Weiss proposed the active oxidant species was the hydroxyl radical (
•
OH).
67
  
Additionally, Haber and Weiss proposed that the redox cycle of Fe
2+
/Fe
3+
 was responsible
 
for the 
formation of the hydroxyl radical.   Barb and various coworkers further investigated the various 
mechanisms of the formation of the active species.
68-70
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The Fenton reagent is an aqueous solution that contains Fe
2+
 and hydrogen peroxide.  In 
the simplest terms, Fenton reaction is iron catalyzed hydroxyl radical formation: 
Fe
2+
 + H2O2 → Fe
3+
 + 
•
OH + HO─     (6) 
  While the formation of hydrogen peroxide is the key reaction, Barb et al. reported other 
important reactions that also occur: 
Fe
3+
 + H2O2 → Fe
2+
 + H
+
 + 
•
O2H     (7) 
•
OH + H2O2 → 
•
O2H + H2O      (8) 
•
OH + Fe
2+
 → Fe3+ + OH─      (9) 
Fe
3+
 + 
•
O2H → Fe
2+
 + O2H
+
      (10) 
Fe
3+
 + 
•
O2H + H
+
 → Fe3+ + H2O2     (11) 
•
O2H + 
•
O2H → H2O2 + O2       (12) 
Hydroxyl radical is produced in the first reaction (6), which happens with a larger rate constant 
in comparison to reaction 7, kf = 70 M
-1
 s
-1
 verses kf = 0.001-0.1 M
-1
 s
-1
.  Reactions 7 and 10 
recycle the Fe
3+
 to Fe
2+
, which allows for the hydroxyl radical generation to be catalytic in iron.  
While the redox cycle in reaction 10 has a large rate constant (kf= 1.2 X 10
6
 M
-1
 s
-1
), it is 
dependent on the formation of hydroperoxyl radical in reaction 7 and 8.   The drastically slower 
reaction rate of redox cycling of reaction 7 is the rate determining step of Fenton reactions.  
Hydroxyl radical can be scavenged by Fe
2+
 or by H2O2, reactions 8 and 9 (kf = 3.2 X10
8
 M
-1
 s
-1
 
and 3.3 X10
7
 M
-1
 s
-1
, respectively).  In addition to hydroxyl radical, active reductive species 
formed include hydroperoxyl radical.  The rate of hydroperoxyl radical formation is much lower 
than that of the hydroperoxyl radical formation for reaction 7.  Formation of hydroperoxyl 
radical in reaction 8 is relatively fast, however for this reaction to occur high levels of hydrogen 
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peroxide (>0.3 M) are required.  Although in the high peroxide solutions, the hydroperoxyl 
radical can disassociate to from the highly reductive species superoxide radical anion: 
   HO2
•
  H+ + O2•─     (13) 
   HO2
•
 + O2
•─ → HO2─ +O2    (14) 
The biggest limitation to the Fenton’s reagent is that Fe3+ precipitates out to amorphous 
ferric oxyhydroxides.  Precipitation of Fe
3+
 reduces the amount of available Fe
3+
 which in turn 
reduces the amount to recycled Fe
2+
.  Without the recycled Fe
2+
 the production of hydroxyl 
radical ceases.  To prevent iron precipitation Fenton reactions are normally carried out at pHs 
around 3, which is not ideal for environmental applications.
71, 72
  Additionally, iron chelating 
ligands can be added to reaction mixtures to reduce the precipitation of iron oxyhydroxides.
73
  
Wells and Salam observed an increase in rates of reaction 6 with increasing concentration of 
halide, sulfate, selenate, trimetaphosphate, and tripoylphosphate.
72, 74, 75
  While the rate of 
reaction 6 can increase, the likelihood of generating a high-valent oxoiron, such as ferryl, can 
also increase.  Francis et al. studied the reaction of hydrogen peroxide with iron chelated by 
diethylenetriamine pentaacetic acid.
76
  An increase in rate was observed, however in these 
studies the hydroxyl radical was not scavenged by typical hydroxyl radical scavengers, which 
suggest the formation of the high-valent oxoiron.     
In addition to the pH limitations, the hydroxyl radical is a strong nonspecific oxidant; 
therefore degradation of the target pollutant is not always definite.  Scavenging effects of a 
complex matrix, such as contaminated soil and water samples, is a concern for environmental 
Fenton applications.  Preliminary studies by Lindsey and Tarr observed inhibition of Fenton 
degradation of polycyclic aromatic hydrocarbons (PAHs) with fulvic acid present.
77
  Decrease in 
the degradation was attributed to the fulvic acid acting as a scavenger of the hydroxyl radical, 
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thus limiting the availability of the hydroxyl radical to react with the PAHs.  Later studies by 
Lindsey and Tarr observed similar inhibition of degradation of PAHs with natural organic matter 
present.
78
  Like the previous studies, the inhibition of degradation of the PAHs in these studies 
was credited to the natural organic matter scavenging the hydroxyl radical.    
Oxidation of pollutants by hydroxyl radical occurs through hydrogen abstraction from C-
H, N-H, or O-H bonds or though radical addition to C=C or aromatic rings: 
HO
•
 + R-H → H2O + R
•      
(15) 
   
                        
(16) 
   
                 
   
   
                        (17) 
 
 
 
Hydrogen abstraction and addition of the radical to double bonds are irreversible, but radical 
addition to the aromatic ring is reversible.  In the presence O2, organic radicals can react with 
oxygen to produce peroxyl radicals or oxyl radicals: 
R
•
 + O2 → R-OO
•
 →→ R-O•                  (18) 
The formation of peroxyl and oxyl radicals from O2 and R
•
 is a fast reaction (kf =10
9
 M
-1
 s
-1
).  
Sequential addition of a second radical or hydrogen abstraction stabilizes the radical and 
produces the oxidized pollutant.   
Reported second order rate constants of reactions with hydrogen peroxide have ranged 
from 10
7
 to 10
8
 M
-1
 s
-1
.
79
  Several factors determine the reactivity of the hydroxyl radical with 
the target pollutant including: electrophilic character, strength of the C-H bond, stability of the 
prospective organic radical, number of equivalent H atom/position of attack, and steric effects.  
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Anbar et al. observed that strongly electropositive species have greater rate constants in 
comparison the strongly electronegative species.
80
  It was concluded from that study that 
hydroxyl radical is weakly electrophilic, thus electrophilic character is important when 
consideration degradation rates.  As previously discussed, hydroxyl radicals react with pollutants 
by abstracting hydrogen from the pollutant, thus the strength of the C-H bond determines the 
ease of hydrogen abstraction.  The stability of the prospective organic radical is directly related 
to the strength of the C-H bond.  The number of positions of attack and steric hindrance of the 
target pollutant are directly proportional to the probability of attack.   
 Due to the strong oxidizing potential of the hydroxyl radical, Fenton reagent may be 
applied to a wide variety of pollutants including polycyclic aromatic hydrocarbons, chlorinated 
aromatic and aliphatic compounds, and explosives.  Przado et al. studied the Fenton degradation 
of a series of polychlorinated biphenyls (PCB 28, PCB 52, PCB 101, and PCB 138).
81
  A rapid 
increase the degradation of PCB 28 and 52 were reported for the first 24 hours; however PCB 
101 and PCB 138 were poorly degraded.  Decreases in the degradation for the PCB101 and PCB 
138 were expected since they have higher chlorine substitutions, thus lower susceptibility to 
oxidation.   Teel et al. studied modified Fenton degradation of carbon tetrachloride.
82, 83
  For 
their modified Fenton reactions high hydrogen peroxide concentrations were employed (> 0.3M) 
to produce reductive radical species (HO2
•
 and 
•─O2).  Carbon tetrachloride degradation in these 
studies was observed and was found to be dependent on the hydrogen peroxide concentration, 
with an increase in degradation observed for an increase in hydrogen peroxide concentration.   
Li et al. has examined several parameters of TNT degradation in solution and soil 
slurries.
84-86
  In these studies similar extents of degradation were observed for hydrogen peroxide 
concentration over 0.1% and iron concentrations over 40 mg/L.  Degradation of TNT did not 
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occur at the pH of 7, but when the pH was decreased to 2-4.5 ~95% of the TNT was removed.  
Higher degradation of TNT was observed for higher temperature (45 
○
C verses 23 
○
C) in soil 
slurry samples.  When fulvic acid was added to the system an increase in degradation was 
observed, but when humic acid was added to the system inhibition of degradation was observed.  
Further investigation determined that the fulvic acid can reduce the Fe
3+
 to Fe
2+
, thus increasing 
the availability of Fe
2+
 to react with hydrogen peroxide and the production of hydroxyl radicals.  
Increase in degradation was also observed in the presence of the clay component Ca
2+
-
montmorillonite.  This increase was attributed to the sorption of the TNT and iron to the surface 
of the clay resutling in hydroxyl radical formation in close proximity of the TNT.    
Matta et al. studied Fenton degradation of TNT with natural soils containing iron bearing 
minerals at acidic and neutral pH.
87, 88
   Higher percentages of TNT were removed for pyrite and 
magnetite in comparison to hematite, goethite, lepidocrocite, and ferrihydrite in both neutral and 
acidic pHs.  From these results it is evident that oxidation state of the iron mineral was found to 
be a key parameter in the degradation of TNT.  Solubility of the iron minerals and the sorption of 
TNT to the mineral surfaces were also determined to limit the rate of degradation at neutral pHs. 
Chelator addition in the magnetite systems increased the degradation of TNT by 3 fold.  It was 
theorized that the increase in the degradation was credited to the increase in the iron dissolution 
rate, thus increasing the Fenton reaction efficiency.   
Hess et al. examined degradation products from Fenton degradation of TNT via tandem 
mass spectroscopy.
89
  From the Degradation products that were observed, a mechanism of 
oxidation was proposed, Figure 1.4.  In some cases demethylation of TNT was the initial step of 
oxidation to 1,3,5-trinitrobenzene (TNB).  Next, denitration occurred at the 2 position of the 
TNT or TNB to form either 2,4-dinitro-o-cresol or 3,5-dinitrophenol, respectively.  At this time 
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the 2,4-dinitro-o-cresol can undergo demethylation to become 3,5-dinitrophenol.  Further 
oxidation of the 3,5-dinitrophenol produced sequential denitration and alcohol formation and 
further decomposition to mineralization. 
 
Figure 1.4.  The proposed mechanism of Fenton oxidation of TNT.
89
 
Several studies have been conducted on the degradation of TNT with modified Fenton 
reagent.  In these systems the Fenton reagent was assisted by either zero valent iron, UV 
irradiation, or by electrochemical reactions.  Oh et al. monitored nitrogen production and total 
organic carbon (TOC) removed for TNT in Fenton systems pretreated with zero valent iron.
90, 91
  
In these studies TNT was pretreated with the zero valent iron to reduce the nitro group to the 
amine.  During the reduction the zero valent iron was oxidized to Fe
2+
 which was then used as 
the catalyst for Fenton reagent.  An increase in TOC removal was observed in systems pretreated 
with zero valent iron.  In TNT solutions not pretreated, only nitrate was observed as a 
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degradation product, however both nitrate and ammonium were observed in pretreated solutions 
which suggested that pretreatment reduces the TNT before Fenton oxidation.  Barreto-Rodrigues 
et al. studied the Fenton degradation of TNT with zero valent iron.
92, 93
  With the pretreatment 
process, complete degradation of TNT was observed in 30 minutes.  Additional studies with this 
system found that degradation was pH dependent and degradation drastically decreased at higher 
pHs.    
In photo-Fenton degradation the UV produced photon is absorbed by FeOH2
+
 to produce 
hydroxyl radicals: 
   FeOH2
+
 + hυ → Fe2+ + •OH     (19) 
 This reaction produces a hydroxyl radical which increases the hydroxyl radical formation 
by two-fold, thus increasing the oxidation potential of the reaction.  Kitayama et al. studied the 
Fenton, photo-Fenton, and photocatalytic Fenton degradation of waste water from TNT 
manufacturing process.
94
  With Fenton oxidation ~60% of the TNT was converted after 2.5 hours 
of degradation.  In comparison to Fenton only samples, irradiated samples coupled to Fenton 
reaction increase the degradation by 25%.   Degradation patterns for photocatalyst samples 
coupled to Fenton reagent were identical to those of irradiated samples without photocatalyst.   
Chen et al. studied the photo-Fenton degradation of spent acid TNT solutions.  In these 
studies the temperature, hydrogen peroxide concentration, and iron concentration were 
compared.  Minute degradation difference were observed for photo-Fenton at varying 
temperatures and iron concentrations, however more organic carbon was removed at higher 
hydrogen peroxide concentration than at lower concentrations.  No degradation was observed for 
photolytic processes only, however essentially identical degradation was observed for photo-
Fenton and Fenton system.    
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Numerous studies have been conducted by Liou et al. on the photo-Fenton degradation of 
TNT.
95, 96
   Initial studies monitored the TNT concentration with the variety of degradation 
methods.   Fenton degradation with high iron concentrations (1.44 mM) resulted in complete 
removal of TNT while lower iron concentrations (0.36 mM) resulted in only ~70% of the TNT 
degraded after 2 hours.  With solely photolytic processes, minute losses of TNT were observed.  
Photo-Fenton treatments resulted in complete removal of TNT both at high and low iron 
concentrations.  Further studies by Liou et al. investigated photolytic systems with hydrogen 
peroxide and at different intensity of irradiations.  In these studies the hydrogen peroxide and UV 
systems had higher degradation rates than the UV only systems, but lower degradation rates than 
the UV/Fenton coupled reactions.  Additionally, increases in the irradiation intensity resulted in 
increase in the degradation of TNT for photo-Fenton reactions.  Similar to their previous studies, 
increases in iron concentration resulted in increases in TNT degradation for Fenton only systems, 
and photo-Fenton reactions were found to be independent of the iron concentrations.     
Mechanism for electro-Fenton reactions are similar to that of electrochemical reaction in 
that anodes produce hydroxyl radical and the cathode produces hydrogen peroxide.  In electro-
Fenton reaction the hydrogen peroxide that is produced at the cathode reacts with iron to produce 
hydroxyl radical, thus increasing the production of hydroxyl radical.  In addition, reduction of 
the ferric ions to ferrous ions occurs simultaneously at the cathode: 
    Fe
3+
 + e- → Fe2+      (20)  
Chen et al. have investigated the electrochemical oxidation of TNT.
62, 97, 98
  In their studies, 
electrochemical Fenton reactions were carried out at different temperatures, iron concentrations, 
pH, electric potentials, and oxygen gas rates.  Degradation of TNT was found to be independent 
of temperature at low iron concentration (15 mg/L); however in higher iron concentrations 
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(50mg/L), degradation rates were higher for lower temperatures (303 K) than higher temperature 
(343 K).  When systems were held at the same temperature, minuscule variances in degradations 
were observed at different iron concentrations.  Degradation was determine to be dependent on 
the pH of the system, and lower pHs (0.2 verses 2) resulted in increases in the TNT degradation.  
Electric potential applied effected the degradation of TNT. An increase in the potential resulted 
in an increase in the TNT degradation.  Oxygen gas bubbled into the reaction system was found 
to have no effect on the TNT degradation.   
Cyclodextrins 
 In 1891, Villiers reported the unidentified crystals were formed during the fermentation 
of starch.
99
  Years later, Schardinger discovered that Bacullius macerans was responsible for the 
deterioration of foods and two distinct crystals were produced during the decomposition, which 
he called α-dextrin and β-dextrin.100-102 It wasn’t until 1930s that the structures of these dextrins 
were know.  Numerous studies by Freudenberg and coworkers describe the aforementioned 
crystals were actually maltose units that were connected only by α-1,4 linkages.103-105 In 1936 
they further identified that the crystal dextrins were cyclic in structure.
106
  Year later 
Freudenberg and  Cramer discovered in addition to the alpha and beta dextrins, gamma dextrins 
were also present.
107
   
Cyclodextrins (CD) are cyclic oligosaccharides that contains 6 (α), 7 (β), or 8 (γ) D(+)-
glucopyranose units that are connect by α-1,4 linkages, Figure 1.5.  Reacting starch with the 
amylase of Bacullius macerans produces multiple cyclodextrins which are then separated out by 
precipitation with different organic solvents.  Cyclodextrins have a torus-like shape with all of 
the glucose units in an undistorted C1 (D) (chair) conformation, Figure 1.6.   The interior of the 
torus structure consist of a ring C-H, followed by a ring of glucosidic oxygens and another C-H 
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ring.  This configuration of CD allows for a polar exterior with a nonpolar interior
108
.  Primary 
hydroxyls along the smaller orifice can partially move and can block the cavity; whereas the 
secondary hydroxyls on the larger orifice are rigid and do not allow movement thus they do not 
block the cavity. A list of cavity dimensions and physical properties are listed in Table 1.1.    
 
Figure 1.5. Structure of cyclodextrins.  n = 6, 7, or 8 for α, β, and γ cyclodextrin, respectively 
 
Figure 1.6. Torus structure of cyclodextrins 
Table 1.1. Physical properties of cyclodextrins 
Cyclodextrin 
Number of 
Glucose 
Rings 
Molecular 
Weight 
(g/mol) 
Water 
Solubility 
(g/100 mL) 
Cavity dimensions (Ǻ) 
Internal 
Diameter 
Depth 
α-cyclodextrin 6 972 150.5± 0.5 ~5.2 8 
β-cyclodextrin 7 1135 162.5± 0.5 ~6.6 8 
γ-cyclodextrin 8 1297 177.4 ± 0.5 ~8.4 8 
 
 One of the most important characteristics of CD is the ability to form guest-host 
complexes.  An abundance of theoretical and experimental studies has been conducted to better 
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understand CD inclusion complexes.  Theoretical studies have studied the bonding of CD to 
guest molecules.
109-121
  In many of these studies it was concluded that the complex form was 
mostly stabilized by Van der Waal’s interactions, with a small contribution from electrostatic 
forces.
110, 112, 115-117, 121
  While these studies help to better understand the CD complexes, they are 
limited due to studies conducted in the gas phase which lack solvent interactions with the guest 
and CD.  Experimental studies have been conducted in both aqueous and organic solvents.
122-124
  
In these studies it was observed that the type of solvent can control the formation of the 
complexes.  Additionally, it was found that organic solvents can inhibit complexation due to the 
stability of the nonpolar guest in the solvent.
122, 125-127
   
 Zheng and Tarr studied cyclodextrin complexes.
128-130
   In initial studies formation of a 
1:1 binary complex formed with iron and carboxymethyl- β-cyclodextrin (CM-β-CD).  Further 
studies with two pollutants, 2-naphthol and anthracene, identified formation of a ternary complex 
between the CM-β-CD, pollutants, and iron.  Further investigations by Zheng and Tarr examined 
the binary and ternary complexes with an array of CDs: hydroxylpropyl-β-cyclodextrin (HPCD), 
sulfated-β-cyclodextrin (SCD), α-cyclodextrin (α-CD), and β-cyclodextrin (β-CD).130  Binary 
complexes were observed with the different CDs, however only the CM-β-CD formed a ternary 
complex.  Binary 2-napthol/HPCD complexes were formed, but due to the low binding to metals, 
ternary complexes were not observed.   The sulfated groups of the SCD are strong metal ligands 
so binary complexes were formed with the Fe
2+
; however the large sulfate groups blocked the 
entry to the hydrophobic cavity, thus pollutant binding did not occur.  Like HPCD, β-CD is a 
weak metal chelator, so only the binary complex was observed with the β-CD/2-napthol.  
Complexation between α-CD/pollutant was observed, but unlike the 1:1 β-CDs: 2-napthol 
complexes a 1:2 α-CD:2-napthol complex was formed.  Cai et al. examined the formation of 
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complexes in a gas phase by electrospray mass spectrometry.
131
  Toluene and β-CD have a high 
probability to form binary complexes in the aqueous phase, however in these studies complexes 
were not observed in the gas phase due to the lack of hydrophobic interactions in the presence of 
a proton or alkali metal ion acting as an attaching cation.  To overcome this limitation, dication 
Fe (II) was added to the reaction system.  Addition of iron (II) to the system stabilized the 
ternary complex by modifying the conformation of β-CD ring.  Further studies of the ternary 
complexation of iron (II), β-CD, and 2,4,5-trichlorophenoxyactic acid (2,4,5-T) suggest that 
polar portion of the 2,4,5-T is favored in the β-CD cavity and not the non-polar aromatic portion.    
CDs are non-toxic, inexpensive, ecofriendly, and can be chemically altered with different 
functional groups.  These properties with the ability for complexation has allowed for a vast 
amount of applications for CD including food, cosmetic, pharmaceutical, environmental cleanup, 
and the ability to catalyze chemical reactions.      
Fenton degradation of pollutants has been studied in the presence of CDs.  Veignie et al. 
studied the Fenton degradation of benzo[a]pyrene in the presence of β-CD, HPCD, and other 
randomly methylated β-cyclodextrins.  Significant increase in the solubility was observed for the 
benzo[a]pyrene when cyclodextrins were present in the solution, and increased cyclodextrin 
concentration resulted in an increased solubility of the pollutant.  Increase in the solubility of the 
benzo[a]pyrene with increase in cyclodextrin concentration was theorized to be due to 
pollutant/cyclodextrin complexation.  While Fenton degradation with the cyclodextrins increased 
the rate of degradation of the benzo[a]pyrene, it was found to be dependent on the ability of the 
cyclodextrin to solubilize the pollutant.  When hydroxyl mannitol, a radical scavenger, was 
added to solutions with HPCD, inhibition of degradation was observed.   
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Ko et al. studied the Fenton degradation of hydrophobic organic compounds with 
surfactants.
132
  When CM-β-CD was used as a surfactant 90% of phenanthrene was degraded; 
however when synthetic surfactants were added, a decrease in the degradation occurred.  
Synthetic surfactants added to the solution scavenged the hydroxyl radical, but the CM-β-CD did 
not.  The observed increase in the phenanthrene degradation with the CM-β-CD present 
suggested a ternary complex where the hydroxyl radical was produced in close proximity to the 
pollutant, thus increasing the likelihood of reacting with the phenanthrene. 
Previous studies have investigated Fenton degradation of TNT with cyclodextrins 
present. Yardin and Chiron studied photo-Fenton degradation of TNT obtained from soil 
flushing with CDs.
133
  In these studies methylated-β-CD (M-β-CD) and CM-β-CD were 
employed to increase the aqueous solubility of the TNT and flushing it from the soil.  After the 
TNT was extracted from the soil, the solution underwent photo-Fenton processes.  In comparison 
to water only samples, a 2.1 and 1.8 fold increase in degradation was observed for solutions 
containing M-β-CD and CM-β-CD, respectively.  This increase was attributed to complexation 
between the CD, TNT, and iron.  Calculations from experiment results reported association 
complexation constant (K) of 338 M
-1
 and 163 M
-1
 for TNT and M-β-CD and CM-β-CD, 
respectively.  These association constants were in agreement to previously reported constants by 
Sheremata and Hawari.
134
 
   Jarand et al. studied the Fenton degradation of TNT with a variety of CDs: β-CD, CM-
β-CD, 6A-[bis(carboxylatomethyl)amino]-6A-deoxy-β-cyclodextrin (β-CD-ida), and 6A-
[tri(carboxylatomethyl)(2-aminoethyl)amino-6A-deoxy-β-cyclodextrin (β-CD-EDTA).135  An 
increase in TNT degradation was reported for CD solutions in comparison to water only 
solutions of TNT.  At pH of 3.1 greater enhancements was observed for the β-CD (7X) than for 
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other substituted CDs, 2.4, 1.8 and 3.8 for β-CD-ida, β-CD-EDTA, and CM-β-CD, respectively.  
Further studies were conducted to better understand the mechanism for degradation. Mass 
spectroscopy data of the degradation processes suggested that CD assisted Fenton degradation of 
TNT underwent both reductive and oxidative mechanisms.  To further confirm the presence of 
reductive pathway, the samples were analyzed via ion chromatograph (IC) to monitor the nitrate 
and ammonium production.  Only nitrate was observed in IC analysis of the Fenton reaction 
without CD present, which suggests the degradation occurs only through an oxidative pathway.  
For Fenton degradation of TNT with CD present, both nitrate and ammonium were detected, 
which indicates both the oxidative and reductive pathway occurs. 
 TNT is a toxic, high priority environmental pollutant due to the numerous sites 
contaminated during manufacturing, testing, and disposal processes.  Physical methods for 
remediation can be costly and require ex-situ treatment.  Phytoremediation has demonstrated to 
be effective for TNT degradation, but after continuous contamination plants exhibit detrimental 
effects. Biodegradation of contaminated site does occur, but the reduction products can 
irreversibly bind to soil and some degradation products are more toxic than TNT.    Advance 
oxidative processes have displayed promise for TNT degradation.  Photodegradation allows for 
in situ degradation of TNT; however it is limited by the penetration depth.  Fenton degradation 
provides rapid removal of TNT in laboratory studies; however the high pH requirement is 
problematic for real world applications.  While the previous studies have proven effective in the 
degradation of TNT, limitation still lies with in situ degradation. 
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CHAPTER 2 
 
ENHANCEMENT OF FENTON DEGRADATION OF TNT BY 
ORGANIC MODIFIERS 
 
Introduction 
In World War I and World War II 2,4,6-trinitrotoulene (TNT) had become the explosive 
of preference due to the number of advantages over the previously used explosives, including 
low cost to manufacture, safety of handling, and low sensitivity of impact.
4
  Consequently, 
residues of TNT from battle fields and ammunition manufacturing sites contaminate soils and 
groundwater worldwide.  Contaminated sites pose severe hazards due to the toxicity and 
mutanigencity of TNT to living organisms.
136
   For that reason, there is an important need for 
remediation of TNT in contaminated sites.  The most common remediation methods that have 
been previously studied are bioremediation, incineration, photodegradation, and advance 
oxidation processes.
45, 46, 137-144
  Advance oxidation processes (AOPs) have shown enormous 
potential for large scale treatment of recalcitrant, hazardous organic pollutants in water and soils.  
The AOPs depend on generation of strong oxidants, such as hydroxyl radicals.
145
  Fenton 
chemistry generates hydroxyl radicals by reacting iron with hydrogen peroxide, with two of the 
many important reactions being: 
         Fe
2+
 + H2O2 → Fe
3+
 + HO
·
 + OH
-
    (1) 
         Fe
3+
 + H2O2 → Fe
2+
 + HO2
·
 + H
+
     (2) 
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Cyclodextrins (CDs) are cyclic oligosaccharides made of 6 (α-CD), 7 (β-CD), or 8 (γ-
CD) glucose rings connected by α-1,4 linkages.  Cyclodextrins have a torus structure that 
includes a hydrophobic interior which allows for binding of hydrophobic molecules in the cavity.  
This property of CDs increases the aqueous solubility of hydrophobic organic molecules, thereby 
improving drug delivery of hydrophobic molecules and removal of pollutants from soil via soil 
flushing.
133, 146
  Previous studies have shown that in the presence of cyclodextrins, the Fenton 
degradation rate of TNT is vastly increased partially due to the binary and ternary complexes that 
are formed between TNT/CD/Fe
2+
.
133, 134, 147
  In addition, studies have further verified formation 
of Fe
2+
, CD, and pollutant ternary complexes.
128-130
  Studies have further suggested that the 
binary complexes are formed by coordination of the nitro groups to the alcohol groups of the 
CD.
148, 149
  The increase in rate for the binary and ternary complexes is credited to the close 
proximity of the TNT to the site of formation of the hydroxyl radical.  Furthermore, studies have 
shown that the increase in the degradation rate in the presence of CD is due to the formation of 
secondary radicals that are more efficient at attacking the TNT.
150
     
Lindsey et al. studied the effect of hydroxyl radical scavengers on the Fenton oxidation 
of naphthalene.
147
  In the presence of the radical scavenger ethyl ether, the degradation of 
naphthalene was decreased by 70%; however, with carboxymethyl-β-cyclodextrin present in the 
solution the degradation was inhibited by only 10%.  These results suggested that formation of 
the CD-naphthalene complex or the ternary iron-CD-naphthalene complex played a role in the 
naphthalene degradation efficiency, possible through formation of radicals in close proximity to 
naphthalene in binary or ternary complexes. 
Previous studies have investigated the kinetics of Fenton degradation of different 
nitroaromatics under acidic conditions (pH = 3).
151
  For these studies a correlation was found 
29 
 
between the reaction rate and the number of nitro group on the ring, more nitro substitutions 
gave lower rates of degradation.  The same correlation was also observed in previous Fenton 
degradation studies by Li et al. on nitroaromatics.
152
  Other studies investigated and compared 
the Fenton reagent to photodegradation methods.
153
  In these studies it was found that the Fenton 
reagent was more effective at oxidizing the TNT than the photolytic methods.  In addition, 
previous researchers have studied the Fenton degradation with natural iron bearing minerals: 
goethite, ferrihydrite, hematite, and lepidocrocite.
87, 88
  These studies were conducted in soil 
slurries at neutral pH to mimic contaminated soil environments.  From these studies it was 
discovered that degradation of TNT can occur with the natural iron bearing minerals.  In the 
previous study carboxymethyl-β-cyclodextrin was also added to the soil slurries and an increase 
in solubility of TNT was observed.
88
   
We have studied the Fenton degradation of TNT in aqueous samples at neutral pH values.  
For these studies, reactions were conducted with systems containing TNT alone and in systems 
containing organic modifiers: β-cyclodextrin, carboxymethyl-β-cyclodextrin, polyethylene 
glycol (MW = 200, 400, 600 g/mol), diethylene glycol, diethyl ether, dipropyl ether, ethanol, 
ethyl acetate, or methanol.  Pseudo first order rate constants were calculated and compared for 
Fenton reaction with and without organic modifiers.  In addition to TNT, Fenton degradation was 
examined for 2-nitrotoluene, 2,4-dinitrotoluene, and 2,6-dinitrotoluene.  Pseudo first order rate 
constants were calculated for these reactions and comparison was made for samples with and 
without polyethylene glycol (MW 400). Furthermore, TNT degradation products in the presence 
of polyethylene glycol (MW 400) were studied to better understand the pathway of degradation.   
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Experimental Materials and Methods 
TNT (98% purity, 30 % water) was obtained from Chem Service.  2-Aminotoluene (2-
AT) and dipropyl ether were from EM Science and 2-nitrotoluene (2-NT) was from TCI 
America.  2,6-dinitrotoluene (2,6-DNT) and β-cyclodextrin were from Alfa Aesar.  Ferrous 
sulfate heptahydrate (A.C.S. grade) was obtained from Fisher Scientific.   Hydrogen peroxide 
(30 % wt, A.C.S. grade), 2,4-dinitrotoluene (2,4-DNT), diethylene glycol, and ethyl acetate were 
obtained from Sigma Aldrich.  Acetonitrile (HPLC grade), sulfuric acid, and methanol were from 
EMD. Carboxymethyl-β-cyclodextrin was obtained from Cerestar.  Diethyl ether was from 
Mallinckrodt Chemicals.  Ethanol was from Parmco-AAPER.  Polyethylene glycol (MW 400) 
and polyethylene glycol (MW 600) were from Aldrich.  Polyethylene glycol (MW 200) was 
from Sigma.  All aqueous solutions were prepared with purified water from a Barnstead 
Nanopure UV water purification system with a distilled water feed.   
To prepare TNT solutions in water, solid TNT (98% purity, 30% water) was dried in a 
vacuum desiccator for 1 hour.  The appropriate amount of TNT was then dissolved in acetonitrile 
and the acetonitrile was then evaporated under a stream a nitrogen gas.  The TNT crystals were 
then reconstituted in nanopure water and allowed to mix overnight.   
The Fenton reactions for high performance liquid chromatography (HPLC) analysis were 
carried out by adding 300 mM H2O2 at 1 mL/min to an 7 mL aqueous solution containing ferrous 
sulfate heptahydrate and an organic modifier (if any) under constant stirring.  After 2 minutes of 
peroxide addition, 3 mL of a solution containing the pollutant, ferrous sulfate heptahydrate and 
the organic modifier (if any) was added and stirring was maintained.  This approach was used to 
allow the Fe/peroxide system to come to steady state before adding the pollutant.  Addition of 
iron and the modifier in the pollutant solution prevented changes in the iron or modifier 
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concentrations upon pollutant addition.  300 μL samples were periodically withdrawn and 
quenched by addition 90 μL of acetonitrile.  The quenched samples were then centrifuged and 
filtered to remove the precipitated iron before being analyzed via HPLC.  Procedure for ion 
chromatography (IC) was similar to that for HPLC analysis with a few exceptions.  For the intial 
reaction 5mL of ferrous sulfate heptahydrate and organic modifier (if any) solution was allowed 
to react with the H2O2,  and after 2 minutes of addition of 5 mL of pollutant, ferrous sulfate 
heptahydrate, and organic modifier (if any) was added.  Similar to the HPLC analysis samples 
300 μL samples were periodically withdrawn; however, the samples were quenched with either 
30μL methanol and 20μL of 1N H2SO4 for cation analysis or 10μL of 0.05M NaOH for anion 
analysis. 
TNT was analyzed on an Agilent 1100 HPLC equipped with a reverse phase Alltech 
Econosphere C18 column (150 X 4.6 mm i.d., particle size 5µm) and a diode array absorbance 
detector that collected the full spectrum from 200-400 nm.  The injection volume of the sample 
was 50 µL and the wavelength used for quantitation was 254 nm.  The solvent programming for 
the HPLC analysis was 30% acetonitrile: 70% water for 0-3 minutes, and then a linear ramp to 
100% acetonitrile from 3-18 minutes.  
Ionic products of Fenton treatment were analyzed by IC using a Dionex GP40 gradient 
pump coupled to an ED40 electrochemical detector.  The samples were analyzed in both anion 
and cation modes. For anion mode, the IC was equipped with an Ion Pac AG14 guard column (4 
mm X 50 mm) with an Ion Pac AS14 column (4 mm X 250 mm) and an ASRS300 (4-mm) anion 
suppressor.  For cation mode, the IC was equipped with an Ion Pac CG12A guard column (4 mm 
X 50 mm) with an Ion Pac CS14A column (4 mm X 250 mm) and a CSRS300 (4-mm) cation 
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suppressor.  Mobile phases for anion and cation modes were 2.1 mM Na2CO3/0.6 mM NaHCO3 
and 15 mN sulfuric acid, respectively. 
Results and Discussion 
Before Fenton degradation of TNT could be carried out with organic modifiers, a further 
understanding was need for the Fenton degradation of TNT without modifiers.  Extensive studies 
have been performed on the degradation of TNT via Fenton reagent; however most of these 
studies were conducted under acidic conditions (pH~3, which is not cost efficient or feasible for 
in situ applications. The goal for this portion of the research was to examine the reaction at near 
neutral pH.  Fenton degradation of TNT was first carried out with different iron concentrations to 
better understand the role of the iron.  Results are presented in Figure 2.1.  As can be seen in this 
figure, the largest amount of TNT degraded in this system was 44%.  In general, TNT 
degradation was minimal at times beyond one minute of reaction, and most of the degradation 
occurred in the first minute.  This hindrance in the degradation is mainly attributed to 
precipitation of iron as iron (III) hydroxide.  At lower iron concentrations (0.25-0.75 mM), the 
maximum TNT loss was 30%.  The low percent of TNT removed is likely due to the lower rate 
of radical formation at lower iron concentrations.  However in the mid-concentration region 
(0.75 – 1 mM) the degradation was increased to 44% of TNT removed after 2 minutes followed 
by a plateau region that is likely due to precipitation of iron at the neutral pH.  When the iron 
concentration was increased to 5 or 10 mM, the degradation decreased in comparison to the mid-
concentration ranges.  This decrease is suspected to be due to the iron acting as a radical 
scavenger.  Overall, Fenton degradation of TNT was observed to cease after about one minute of 
reaction, the extent of degradation increased with increasing [Fe
2+
], but then decreased at 5 mM 
Fe
2+
 or higher.  Precipitation of iron is the most likely cause for the cessation of degradation after 
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one minute, and the higher iron concentrations likely had lower degradation due to scavenging 
by the excess iron in solution. 
 
Figure 2.1. Normalized TNT concentration vs. reaction time for reactions without organic 
modifiers at neutral pH. 300μL of the initial 60 µM TNT solution; 300 mM H2O2 added at 1 
mL/hr; initial iron (II) sulfate concentrations: 0.25 (▲), 0.5 (▲), 0.75 (●), 1 (●), 5 (■), and 10 
mM (■).  Error bars represent one standard deviation for triplicate experiments.  Representative 
error bars are present.   
Fenton degradation of TNT was studied in the presence of β-cyclodextrin (β-CD) and 
carboxymethyl-β-cyclodextrin (CM-β-CD).  These studies were carried out at different 
concentrations of the CD and Fe
2+
.   In comparison with reactions without CD, the reactions with 
CD exhibited more extensive degradation of TNT under many conditions but also showed 
inhibited degradation under certain conditions.  Results are presented in Figure 2.2.  In the 
presence of β-CD at low initial concentrations of Fe2+ (0.25 and 0.5 mM), degradation of TNT 
was totally inhibited.  At 0.75 mM initial Fe
2+
, the TNT degradation was slightly decreased 
compared to experiments with no CD.  As the iron concentration was increased further, TNT 
degradation was enhanced substantially compared to experiments with no CD.  For initial [Fe
2+
] 
of 5 mM, TNT was completely degraded within 3 minutes.  Furthermore, the degradation under 
these conditions did not stop after 1 minute of reaction as it did in the absence of CD.  Further 
increasing the initial Fe
2+
 concentration to 10 mM resulted in slower degradation compared to 5 
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mM Fe
2+
, but the degradation was still substantially greater than for experiments with no CD.  
The observed enhancements in TNT degradation in the presence of β-CD can be caused by two 
different mechanisms.  The first mechanism involves binary (Fe-CD or CD-TNT) and ternary 
complexes (Fe-CD-TNT) that are formed in solution.  Formation of Fe-CD complexes would 
enhance iron solubility and increase the likelihood of formation of CD radicals since the iron 
catalyst would be in close proximity to the CD.  Although CD-TNT complexes can enhance TNT 
solubility, these studies were conducted below the aqueous solubility of TNT, so enhanced TNT 
solubility should not have been a factor in these experiments.  However, formation of CD-TNT 
complexes would enhance the likelihood for interaction between TNT and CD radicals formed 
via interaction with Fenton generated species simply due to the enhanced proximity of TNT to 
CD molecules.  If ternary Fe-CD-TNT complexes form, the complex would allow the TNT be in 
proximity to the site where Fenton generated radicals are formed, thus enhancing the rate of TNT 
reaction with these radicals.  CD inhibition of TNT degradation at low iron concentrations 
indicates that the cyclodextrin is acting as a scavenger which is not likely to interact with the 
TNT.  Effective isolation of the CD radicals from the TNT results in prevention of TNT 
degradation.  At higher iron concentrations, sufficient CD radicals are formed so that these 
radicals are likely to react with TNT, switching the CD from a scavenger to a propagator of the 
radical chain.    This process represents the second possible mechanism in which the CD reacts 
with hydroxyl radical to from secondary radicals through hydrogen abstraction from the 
cyclodextrin.  Subsequent reaction of the cyclodextrin radical with TNT can result in degradation 
of the TNT, most likely via a reductive pathway.  Previous research discovered that in the 
presence of CDs, 4-amino-2,4-dinitrotoulene was formed, which indicated a reductive 
pathway.
154
  In addition, research has revealed hydrogen abstraction from CD by the hydroxyl 
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radical occurs specifically at the C4, C5, and C6 locations on the CD ring.
155
   These abstraction 
sites are located inside the CD cavity, which suggests that binary CD/TNT complexes should be 
important in this reductive pathway.  Since the hydrogen abstraction is favorable for the inner 
cavity of the CD, the CD-TNT complex would bring the TNT in closer proximity to the radical 
site, thus yielding a higher efficiency for the reaction with TNT. At higher concentrations of iron 
(10 mM), the degradation of TNT was inhibited compared to degradation at 5 mM iron.  This 
phenomenon is likely due to iron acting as a radical scavenger (Fe
2+
 + HO˙→ Fe3+ + OH- or Fe2+ 
+ CD˙→ Fe3+ + CD-). 
Results for Fenton degradation of TNT with CM-β-CD present are shown in Figure 2.2b.  
These results are similar to those for β-CD, although the extent of TNT degradation is slightly 
smaller when CM-β-CD was used.  Initial iron loadings of 5 and 10 mM showed enhanced TNT 
degradation compared to experiments with no CD.  Experiments with 5 mM iron showed the 
most TNT degradation and showed continued degradation for the entire 3.5 minute treatment.  
The slightly decreased enhancement of TNT degradation caused by CM-β-CD compared to β-
CD could be due to lower reactivity with Fenton reagents caused by the carboxymethyl 
substitution or could be due to different binding with Fe
2+
 or TNT.  At lower iron concentrations 
(0.25-0.75 mM) the degradation of TNT was completely inhibited.  This observation is thought 
to be due to: 1) at the lower concentration of iron, added cyclodextrin acts as an effective radical 
scavenger but secondary radical concentrations are too low to be important and 2) binary CD-
TNT and/or Fe-CD complexes  isolate the TNT away from the initial Fenton radical formation 
site. 
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Figure 2.2. The normalized TNT concentration vs. reaction time at near neutral pH of the Fenton 
degradation with (a) 1 mM β-cyclodextrin and (b) 1 mM carboxymethyl-β-cyclodextrin.  300μL 
of the initial 60 µM TNT solution; 300 mM H2O2 added at a rate of 1 mL/hr; initial iron (II) 
sulfate concentrations:  0.25 (▲), 0.5 (▲), 0.75 (●), 1 (●), 5 (■), and 10 mM (■).  Representative 
error bars are present.   
In order to investigate the effect of CD concentration, we repeated TNT degradation 
experiments at 5 mM initial Fe
2+
 with varying concentrations of β-CD or CM-β-CD.  These 
results are presented in Figure 2.3.  For β-CD the fastest TNT degradation occurred at 1 mM β-
CD.  Further increases in of β-CD concentration actually resulted in less degradation as the β-CD 
concentration increased. This result can be explained by a competition between two reaction 
pathways: 1) direct Fenton degradation TNT and 2) indirect reaction of TNT with a CD radical 
intermediate.   As CD concentration increased, the first pathway was increasingly inhibited by 
a 
b 
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more prevalent CD scavenging.  At the same time, the second pathway was enhanced by 
increased concentration of the CD radicals.  However, further increases in β-CD may have 
caused substantial inhibition of the direct Fenton pathway without an equivalent replacement by 
the CD radical pathway.  For CM-β-CD, the extent of TNT degradation increased with 
increasing CD concentration, although the degradation rate was similar at 2 and 5 mM CM-β-
CD.  The different results for CM-β-CD compared to β-CD are consistent with CM-β-CD being 
a poorer scavenger and less likely to produce secondary radicals. When the CD was in high 
excess in relation to the TNT concentration, then few CD molecules had a TNT molecule bound 
inside the cavity.  Statistically, the likelihood of a CD radical reacting with TNT becomes 
unfavorable under these conditions. Previous studies by Yardin and Chiron investigated 
association complexes constants for β-cyclodextrins.133  It was reported in their studies that with 
5 mM cyclodextrin and 0.88 mM TNT 63% of the TNT formed a complex with methylated-β-
cyclodextrin and 45% bound to hydroxypropyl-β-cyclodextrin.  The decrease in the association 
constant for the hydroxypropyl-β-cyclodextrin was attributed to the steric hindrance of the 
hydroxylpropyl group with the methyl group of the TNT.  Similar steric hindrance could 
attribute for the decrease in the Fenton degradation of TNT in the presence of CM-β-CD in 
comparison to β-CD.  
Lindsey et al. examined Fenton degradation of polychlorinated biphenyls (PCB) with and 
without cyclodextrins present.
147
  For these studies it was observed that the rate constants for 
reactions with cyclodextrins present were double in comparison to reactions without cyclodextrin 
present.  These observations contradict theoretical values that predict the cyclodextrin would 
decrease the degradation rate of the PCB degradation by 1600 fold due to the higher pseudo first 
order rate constant of the cyclodextrin’s with the hydroxyl radical then that of the PCB and the 
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Figure 2.3. The normalized TNT concentration vs. reaction time at neutral pH of the Fenton 
degradation with (a) cyclodextrin and (b) carboxymethyl-β-cyclodextrin. 300μL of the initial 60 
µM TNT solution; 300 mM H2O2 added at a rate of 1 mL/hr; initial iron (II) sulfate concentration 
5 mM; CD concentrations: 0.5 (▲), 1 (●), 2 (■), and 5 mM (♦).  Representative error bars are 
present.   
hydroxyl radical.  The higher hydroxyl radical scavenging ability of the cyclodextrin with the 
increase in the rate contant further suggests that the increase in the degradation of the PCB with 
cyclodextrin present is due to the formation of a ternary complex.  Absorbance studies by 
Lindsey et al. indicated that a binary complex was formed between the iron and cyclodextrin.  
Additionally they calculated to binary binding constant to be 120 ± 10.  Zheng and Tarr 
conducted studies on the ternary complexes formed between iron, cyclodextrin, and 2-
naphthol.
129, 130
  Their studies found that binding between 2-naphthanol and carboxymethyl-β-
a 
b 
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cyclodextrin was in a 1:1 ratio.  Furthermore, fluorescence quenching experiment suggested that 
a binary complex was formed between the iron and the carboxymethyl-β-cyclodextrin.  NMR 
studies of solutions containing pollutant, iron, and carboxymethyl-β-cyclodextrin further 
suggested a ternary complex was formed between the 3 species present in the solution.     
To better understand the mechanism for the Fenton degradation of TNT, studies were 
carried out in the presence of hydroxyl radical scavengers.  In contrast to the results from 
Lindsey et al. for naphthalene, the degradation of TNT with diethyl ether present was 
significantly enhanced, as shown in Figure 2.4.  Low concentrations of iron (0.25, 0.5, 0.75 mM) 
resulted in complete inhibition of TNT degradation, but 5 mM of iron with diethyl ether showed 
an enhancement silimar to that observed for CM-β-CD.  Since ditheyl either cannot form a 
comlex with TNT and is unlikely to bind strongly to iron in aqueous solution, these effects are 
likely due to scavenging effects as discussed above.  Scavenging by the ether at low iron 
concentrations prevents direct reaction of hydroxyl radical (or other Fenton derived radicals) 
with dissolved TNT.  Secondary radicals formed from the ether are present at too low of a 
concentration to have appreciable reaction rates with TNT.  However, at higher iron 
concentrations, sufficient secondary radicals are formed to overcome the loss of hydroxyl or 
other Fenton generated radicals.   
To find a low cost, environmental friendly organic modifier, the Fenton degradation of 
TNT was studied in the presence of additional organic modifiers: polyethylene glycol (MW = 
200, 400, 600), diethylene glycol, dipropyl ether, ethanol, ethyl acetate, and methanol.  Results 
from degradation studies with these modifiers are presented in Figure 2.5.  Methanol exhibited 
no effect or a slight inhibition.  Ethanol resulted in a modest increase in extent of TNT 
degradation but was not as effective as other modifiers.  The polyethylene glycols showed the 
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fastest TNT degradation rates, which were comparable to those observed for the β-CD.  This 
correlation can be related to two possibilities: 1) complexation of the TNT and/or the Fe
2+
 with 
the ether groups on the organic modifiers, and 2) the increase in the number of sites that are 
available for hydrogen abstraction.  
 
Figure 2.4. The normalized TNT concentration vs. reaction time at neutral pH of the Fenton 
degradation with 1 mM ether. 300μL of the initial 60 µM TNT solution, 300 mM H2O2 added at 
a rate of 1 mL/hr, initial iron (II) sulfate concentrations: : 0.25 (▲), 0.5 (▲), 0.75 (●), 1 (●), and 
5 mM (■). Without ether: 5 mM iron (■).  Representative error bars are present.   
 
Figure 2.5. The normalized TNT concentration vs. reaction time at neutral pH of the Fenton 
degradation with 1 mM organic modifiers.  300μL of the initial 60 µM TNT solution ; 300 mM 
H2O2 added at a rate of 1 mL/hr); initial iron (II) sulfate concentration 5 mM; organic modifiers: 
No modifier (▲), β-CD (■), carboxymethyl-β-CD (●), diethyl ether (●), propyl alcohol (●), 
methanol (▲), diethylene glycol (●), ethyl acetate (■), ethanol (●), polyethylene glycol (MW 
200) (■),polyethylene glycol (MW 400) ( ),polyethylene glycol (MW 600) (■).  Representative 
error bars are present.   
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The degradation of TNT in the presence of polyethylene glycol (PEG 400, MW 400) was 
further examined at different concentrations of iron as shown in Figure 2.6.  Similar degradation 
patterns were exhibited for the PEG 400 as for the CDs.  At lower iron concentrations (0.25-0.5 
mM) the degradation of TNT was inhibited, and at 1-5 mM initial Fe
2+
 the TNT degradation was 
enhanced.  This enhancement in the degradation is likely due to the formation of PEG radicals 
similar to the mechanism suggested for the CDs.  At low iron concentrations, initial Fenton 
radicals are scavenged by the organic modifier, but too few secondary radicals are formed to 
effectively degrade the TNT.  At higher iron concentrations, enough secondary radicals are 
formed to cause efficient TNT degradation.  
 
Figure 2.6. The normalized TNT concentration vs. reaction time at neutral pH of the Fenton 
degradation with 1 mM PEG 400. 300μL of the initial 60 µM TNT solution; 300 mM H2O2 
added at a rate of 1 mL/hr; initial iron (II) sulfate concentrations: .25 (▲), 0.5 (▲), 0.75 (●); 1 
(●), and 5 mM (■). Without PEG 400: 5 mM iron (■).  Representative error bars are present.   
Fenton degradation of TNT exhibited pseudo first order kinetics, Figure 2.7.  Good 
linearity (>0.98) was observed in the pseudo first order graphs for most samples; however a few 
samples slightly deviated from acceptable linearity. For these kinetic reactions a semi-wave like 
pattern is observed.  This wave like pattern is thought to be due to the cycling of the Fe
3+
 to Fe
2+
 
and vice versa.  Pseudo first order rate constants for TNT degradation were calculated with and 
without organic modifiers.  These results are presented in Table 2.1.  The enhancement of TNT 
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degradation in the presence of organic modifiers followed the trend: PEG 600 ~ PEG 400 > β-
CD ~ PEG 200 > CM-β-CD.  The greatest enhancement over the aqueous only Fenton reaction 
(14 and 13 fold increase) was observed for the PEG 400 and PEG 600, respectively; with β-CD 
and PEG 200 enhancements closely following (9 and 8 fold, respectively).  Of the modifiers 
studied, the smallest enhancement (~4 fold increase) was observed for CM-β-CD.    
 
 
Figure 2.7.  Plots of Ln (C/Co) vs. reaction time for TNT Fenton degradation for (a) water only 
and with 1 mM: (b) β-CD, (c) cm-β-CD, (d) PEG 200, (e) PEG 400, and (f) PEG 600. 
 
 
e 
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Table 2.1. Pseudo first order rate constants for the Fenton degradation of TNT in the presence of 
cyclodextrins and polyethylene glycol. koʹ is the pseudo first order rate constant in the absence of 
any modifiers. 300μL of the initial 60 µM TNT solution; 300 mM H2O2 added at a rate of 1 
mL/hr; initial 5 mM iron (II) sulfate, 1 mM organic modifier 
 Measured kʹ (min
-1
) Enhancement over pure water (kʹ/koʹ) 
Pure Water 0.16 ± 0.03
a
 -- 
βCD 1.5 ± 0.2
a
 9 ± 2 
CMβCD 0.52 ± 0.02
a
 3.3 ± 0.6 
PEG (MW 200) 1.3 ± 0.1
a
 8 ± 2 
PEG (MW 400) 2.2 ± 0.2
a
 14 ± 3 
PEG (MW 600) 2.1 ± 0.2
a
 13 ± 3 
a
standard error 
 
To better understand the mechanism for the enhancement of TNT degradation, the Fenton 
degradation of nitrotoluene, 2,4-dinitrotoluene, and 2,6-dinitrotoluene were studied.  Pseudo first 
order degradation rate constants are presented in Table 2.2.  Based on these rate constants it is 
evident that when PEG 400 is present in the system the rate constants for 2-nitrotoluene 
degradation decrease in comparison to the reactions without PEG 400 present.  In fact, an 
approximate 5-fold decrease was observed in the rate constant for 2-NT when PEG 400 was 
present.  2-Nitrotoluene is known to be more prone to undergo oxidative reactions than reductive 
reaction.  The decrease in 2-NT degradation when the PEG is added indicates that the oxidative 
reaction is impeded while the reductive pathway is not prevalent enough to overcome the loss of 
the oxidative pathway.  Since 2-NT is not likely to undergo reduction, it is clear that the PEG is 
acting as a scavenger that removes radicals that are otherwise capable of oxidizing 2-NT.    For 
2,4-DNT, the rates of degradation where essentially the same with and without PEG.  Since 2,4-
DNT is more likely to undergo a reductive process, the secondary radicals produced by PEG 
scavenging were sufficient to offset the decrease in the oxidative pathway.  For 2,6-DNT, a 
similar effect was observed, although a slight decrease in degradation rate occurred.   As 
previously discussed, 2,4,6-TNT showed a dramatic enhancement in degradation in the presence 
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of PEG.  Since TNT is the most easily reduced species in this series of nitrotoluenes, it is 
sensible that PEG radicals produced from scavenging hydroxyl radical (or other Fenton produced 
radicals) would enhance the observed TNT degradation rate more than the decrease in 
degradation rate due to the loss of the oxidative pathway. 
Table 2.2. Pseudo first order rate constants for the Fenton degradation of nitrotoluenes with and 
without PEG 400 present.  300μL of the initial 60 µM TNT solution; 300 mM H2O2 added at a 
rate of 1 mL/hr; initial 5 mM iron (II) sulfate, 1 mM PEG 400 
 Measured kʹ (min
-1
) 
 Without PEG 400 With PEG 400 
2-Nitrotoluene 1.28 ± 0.07
a
 0.24 ± 0.01 
2,4-Dinitrotoluene 0.26 ± 0.01
a
 0.22 ± 0.03 
2,6-Dinitrotoluene 0.47 ± 0.03
a
 0.24 ± 0.06 
2,4,6-Trinitrotoluene 0.13 ± 0.02
a
 2.2 ± 0.2
a
 
a
standard error 
In order to confirm the switch from oxidative to reductive pathways, we investigated 
ionic degradation products.  Previous studies have found that nitrate and nitrite are produced in 
the oxidative degradation of TNT.
89
  In addition, studies found that ammonium is produced 
during reductive degradation.
154
   To further investigate the prevalence of the oxidative and 
reductive pathways, nitrate and ammonium production were monitored via IC.   Table 2.3 reports 
the observed nitrate and ammonium formation during degradation of TNT with and without 
added PEG.  Nitrate production was observed in both reactions with and without PEG 400 
present.  However, reactions without PEG present produced 77% less nitrate then reactions with 
PEG present.  These values were found to be statistically different using a paired t-test.  Since 
nitrate is a product of oxidative degradation of TNT, these results confirm that the oxidative 
pathway is inhibited by addition of PEG.  Nitrite production could not be quantified in these 
systems due to interference from formate produced during the reaction.  In contrast to the nitrate 
results, ammonium production was undetectable in TNT degradation reactions without PEG 
present; however, ammonium production was observed in all TNT degradation reactions 
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containing PEG.  The formation of ammonium is indicative of a reductive pathway.  The 
production of ammonium and the simultaneous decrease in nitrate production in the presence of 
PEG provides strong evidence of a shift away from an oxidative pathway in favor of a reductive 
pathway.   The data presented in Tables 2.2 and 2.3 are all consistent with this conclusion.  It is 
important, however, to emphasize that TNT is an easily reduced species, so the behavior 
observed in this study cannot be extrapolated to all pollutants.  For example, 2-NT showed only a 
decrease in degradation rate in the presence of PEG since 2-NT is not readily susceptible to 
degradation via the reductive pathway observed for TNT.  Furthermore, previous studies with 
naphthalene did not show the reactive pathway when diethyl ether was added, suggesting that 
naphthalene did not readily undergo reductive degradation in those studies.
147
  Pollutants that are 
not readily reduced will not show the behavior observed here for TNT.  Consequently, it is 
important to understand both the oxidative and reductive mechanisms of individual pollutants in 
order to determine the expected impact of organic modifiers.  The role of cyclodextrins is 
slightly more complicated since they can act as scavengers, can produce secondary radicals that 
can act as reducing agents, and can change the solubility of both iron and pollutants through 
formation of binary or ternary complexes. 
Table 2.3. Concentration of nitrate and ammonia produced from 300 μL of 100μM TNT solution 
after 3.5 minutes of Fenton degradation.  300 mM H2O2 added at a rate of 1 mL/hr); initial iron 
(II) sulfate concentration 5 mM; 1 mM PEG 400 
 Concentration (ppm) 
 Without PEG 400 With PEG 400 
NO3
-
 1.76 ± 0.62 0.40 ± 0.33 
NH4
+
 n.d. 0.91 ± 0.49 
n.d.
 – not detected 
 
 
 
46 
 
Conclusion 
Fenton degradation of TNT was examined at near neutral with and without organic 
modifiers.  Without modifiers a maximum of 44% of the TNT was removed.  After 1.5 minutes, 
degradation ceased in the water only systems due to the precipitation of iron at the near neutral 
pHs.  Addition of CDs to the system increased the rate of degradation and 100% of the TNT was 
removed after 3 minutes with β-CD.  The increase in the degradation with CD present is 
attributed to 2 different mechanisms: (1) formation of binary and ternary complexes between the 
CD, iron, and TNT and (2) formation of secondary radicals that are more efficient at attacking 
the TNT than hydroxyl radical.  Increase in degradation was also observed with the addition of 
PEG, with 100% of the TNT removed after 1.5 minutes.  Mechanistic studies of the Fenton 
degradation concluded that TNT undergoes both oxidative and reductive pathways with PEG 400 
preset; however without PEG 400 only oxidative pathway is observed.   
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CHAPTER 3 
 
 PETROLEUM 
 
On the night of April 20
th
, 2010 an explosion occurred on the Deepwater Horizon (DWH) 
oil rig.  That night 11 men lost their lives and another 17 men were injured.  The Coast Guard 
fought to contain the fire and save the 700,000 gallons of diesel from contaminating the Gulf of 
Mexico.  They were defeated in their fight when the Deepwater Horizon sank on April 22, 2010.  
On April 25, 2010 British Petroleum (BP) made the first reports of oil leakage from the Macondo 
well.   Crude oil continued to surge into the Gulf of Mexico until July 15, 2010 when BP capped 
off the well head.  Over the 86 days of the oil spill it has been estimated that 4.9 million barrels 
of oil was released into the gulf, making the Deepwater Horizon oil spill the largest in United 
States history and the second largest oil spill in the world.
156
 
History of Oil  
The first record of offshore drilling was in 1896 by Henry Williams in Summerland, 
California.
157
  In his previous drilling he noted that the quality of the wells increased the closer 
that he was to the shore line.  To get the best well, Williams decided to drill an oil well off a 300 
foot pier. It wasn’t until 15 years later that the first stand-alone well was drilled in Caddo Lake in 
Louisiana.  Years after the first stand-alone platforms, Brown and Root drilled the first free 
standing platform 1 mile off Louisiana’s coast in the Gulf of Mexico.  Subsequent discoveries of 
floating platforms led to drilling the Kermac 16 well 10 miles offshore in 20 feet of water in 
1947.  As demand for oil increased, so did the platform technologies.  Invention of a jack up rig 
pioneered well drilling in deeper waters.  At the time jack up rigs were the only oil platforms that 
could drill wells in up to 500 feet of water.  In 1961, Blue Water Drilling Company and Shell Oil 
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teamed up to build a semi-submersible oil rig which allowed for deep and ultra-deepwater 
drilling in up to 10,000 feet of water.  The semi-submersible rigs are currently the most 
commonly used oil rig to date, including the Deepwater Horizon rig.    
The DWH oil spill was a catastrophic event that devastated the Gulf of Mexico and the 
surrounding coastlines.  Figure 3.1 represents the path and areas affected by the DWH oil spill.  
The United States government has estimated the flow rate on April 22, 2010 to be 62,200 barrels 
of oil per day and on July 14, 2010 to be 52,700 barrels of oil per day.  Based on these averages 
it has been estimated that 4,928,100 barrels of oil were released.  Only one oil spill to date has 
been more disastrous, the Gulf War in 1991.  During the Gulf war, Iraqi forces opened the valves 
of oil wells and pipelines in order to slow the American troops.  It was estimated that this 
intentional oil release distributed 5.7-8 million barrels of oil into the Persian Gulf.
158
  Unlike the 
DWH oil spill, serious recovery efforts were not employed until after the Gulf War ended over a 
month later.  The Intergovernmental Oceanographic Commission at UNESCO has reported that 
half of the oil from the Gulf War was evaporated, an eighth of the oil recovered, and a fourth of 
the oil was washed up inland mainly on the shores of Saudi Arabia.   
 
  Figure 3.1.  Areas impacted by the Deepwater Horizon oil spill.
159
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While there have been numerous oil spills to date, the Deepwater Horizon oil spill  was 
like no other.   In 1989, the Exxon Valdez oil spill devastated the Prince William Sound in 
Alaska.  Until the DWH oil spill, the Exxon Valdez was considered to be the worst oil spill in 
U.S. history.  Unlike the DWH oil spill, the Exxon Valdez was a small oil spill (257,000 
barrels).
160
  In addition, the Exxon Valdez spill was from a tanker, therefore the oil did not spend 
an extensive amount of time traveling through the water column to reach the surface.  The 
diminutive of time in the water column decreases the extent of dissolution of the oil into the 
aqueous phase.  The limited dissolution of the oil along with the cold temperatures of Alaska 
allow for easier clean-up of the oil.  Furthermore, biodegradation was the key for clean-up during 
the Exxon Valdez spill; however biodegradation of the DWH oil was limited due to the lack of 
nutrients in the Gulf of Mexico.  
In 1979 the Ixtoc I well released an estimated 3.33 million barrels of oil into the Gulf of 
Mexico over the course of 10 months.  The Ixtoc spill happened in the same tropical 
environment as the DWH oil spill, which would entail that the same chemical transformation 
would occur for both oils.  However, unlike the DWH oil spill the Ixtoc spill was a shallow well 
(50 m verses 1500 m) which allowed for divers at the well head.  In addition, the oil from the 
DWH oil spill passed through several stratifications of the gulf which allowed for more oil to be 
lost through dissolutions and emulsification and for the formation of deep-water plumes.  
Crude Oil Components 
 Crude oil is a complex mixture of compounds that contain hydrocarbons, metals and 
polar compounds.  Hydrocarbon fractions of crude oil contain n-paraffins, isoparaffins, olefins, 
cycloparaffins, and aromatics.  N-paraffins are straight chain saturated alkanes.  Isoparaffins 
consist of branched alkanes.  Olefins are unsaturated hydrocarbons also known as alkenes.  
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Cycloparaffins are cycloalkanes and are commonly called naphthenes.  The n-paraffins, 
isoparaffins and the cycloparaffins account for the largest portion of the oil.  Aromatics consist 
of monocyclic (benzene), dicyclic (naphthalene), or polycyclic aromatic hydrocarbons (PAHs), 
which are multi-ring aromatic molecules.  PAHs are known to be toxic and mutagenic, and due 
to these concerns the EPA has listed 16 PAHs on its National Priority List, Table 3.1.    
In addition to hydrocarbons, metals and polar compounds are commonly found in crude 
oil.   Common metals found in crude oil include iron, arsenic, cadmium, copper, chromium, 
nickel, lead, and vanadium.
161
  In comparison to other crude oil components, metals only make 
up a minute fraction (<0.1%).  Polar compounds that are present in crude oils include an array of 
nitrogen, oxygen, and sulfur species.  Common polar species that are found in crude oil are 
resins and asphaltenes.  Both of the species are normally present at low concentrations, and the 
chemical composition varies between different oils.  Resins are smaller polar compound such as 
thiols.  Asphaltenes are larger polar compounds and have been previously defined as a 
component in crude oil that is insoluble in pentane or heptane; however, they can readily 
dissolve in toluene. 
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Table 3.1. Structures and maximum water concentration for PAHs established by the EPA 
Pollutant 
Structure Maximum Water 
Concentration (ppm) 
Acenaphthylene 
 
0.059 
Acenaphthene 
 
0.059 
Anthracene 
 
0.059 
Benz[a]anthracene 
 
0.059 
Benzo[b]fluoranthene 
 
0.11 
Benzo[k]fluoranthene 
 
0.11 
Benzo[g,h,i]perylene 
  
0.0055 
Benzo[a]pyrene 
 
0.061 
Chrysene 
 
0.059 
Dibenz[a,h]anthracene 
 
0.055 
Fluoranthene 
 
0.068 
Fluorene 
 
0.059 
Indeno[1,2,3-c,d]pyrene 
 
0.0055 
Naphthalene 
 
0.059 
Phenathrene 
 
0.059 
Pyrene 
 
0.067 
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 The combinations of the compounds in crude oil are dependent on the geological 
formation of the area where oil is found.
162
  Based on the composition, oil is classified as either 
light or heavy crude oil.  Properties of these two types of oil are dependent on the oil’s 
composition and are listed in Table 3.2.  Light crude oils are produced in great abundance in 
Louisiana and Western Canada.  This oil consists mainly of paraffins, isoparaffins, 
cycloparaffins, and olefins with low concentrations of polar compounds, metals, and sulfur.  Like 
light crude oil, heavy crude oil consist of mainly paraffins, isoparaffins, and cycloparaffins; 
however concentrations of olefins are much lower and the concentrations of polar compounds 
and sulfur are higher than that of light crude oil.  Heavy oil is commonly found in Arabic 
countries and off the coast of Newfoundland and California.  In addition to the light and heavy 
classification of oils, oil has also been classified by their sulfur content.  Oils with low sulfur 
content are categorized as sweet oils, whereas high sulfur containing oils are called bitter oil.   
Table 3.2.   The physical properties of light and heavy crude oils
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Property Units Light Crude Heavy Crude 
Viscosity mPa•s at 15
○
C 5-50 50-50,000 
Density g/mL at 15
○
C 0.78-0.88 0.88-1.00 
Water Solubility ppm 10-50 5-30 
API Gravity  30-50 10-30 
 
 The oil that was from the Macondo well was classified as Louisiana sweet crude (LSC) 
oil.  Chemical analysis of the LSC oil determined that paraffins, isoparaffins, and naphthenes 
were the most abundant hydrocarbon components in the oil and the percent composition 
determined from PIANO (paraffin, isoparaffins, aromatic, naphthene, and olefin) analysis is 
listed in Table 3.3.
163
  The American Petroleum Institute (API) gravity of the LSC oil at 15
○
C is 
36.2, which classifies it as a light crude oil.  The low sulfur content (0.26%) classifies the oil as 
sweet crude oil.   Nitrogen content of the oil was measured to be 690 ppm.  Quantification of the 
metal content has determined undetectable amounts of cobalt, barium, and vanadium.  Iron and 
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nickel were present in the oil samples at 0.9 and 1.8 ppm, respectively.    In addition to the other 
components of the oil, water was measured in the LSC oil at 1680 ppm.   
Table 3.3.  PIANO analysis of hydrocarbon composition of LSC oil from the Macondo Well
163
 
Compound Type Weight % in oil 
Paraffin 22.0 
Isoparaffin 31.3 
Aromatic 25.3 
Naphthene 21.0 
Olefin 0.4 
Clean-Up 
Advancement in oil spill clean-up technology has been almost stagnant since the Exxon 
Valdez and Ixtoc I oil spills.  The DWH oil spill employed various physical and chemical 
methods to contain the oil.
156
  One physical method that BP utilized was boom.  It has been 
estimated that during the DWH oil spill, 13.5 million feet of boom was used, and of the boom 
used, 3.8 million feet was hard boom and 9.7 million feet of soft boom.  Hard boom, also known 
as containment boom, is used to corral the oil or block the oil from shore lines.  This type of 
boom is normally made of a vinyl coated polyester or nylon which is ultraviolet resistant.  Soft 
boom, also known as sorbent boom, is used to absorb the oil.  Soft boom has been called sausage 
boom due to its fishnet style casing that is stuffed with polypropylene, an absorbent material.  In 
addition to boom, BP also employed boats to skim the oil from the surface of the Gulf of 
Mexico.  Skimming of the oil from the surface used hard boom to collect the oil.  The oil can 
then be recovered, or in some cases the collected oil was burned.   
In addition to the physical methods for clean-up, chemical methods were employed.  To 
reduce the presence of oil slicks on the surface of the Gulf, chemical dispersants were utilized.  
There are three basic different types of dispersants: water based, solvent based, and 
concentrates.
162
  Water based dispersants require longer time lengths for dispersion to occur and 
some sort of an external source of mixing for dispersion to occur.   Solvent based dispersants are 
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commonly used for waxy and heavy oils.  Solvent based dispersants can easily disperse the oils, 
however more dispersant is needed in comparison to the water based dispersants.  Concentrates 
are dispersants with minimum diluents.  Concentrates are commonly known as third generation 
or self-mixing dispersants because they require minimum energy to disperse oil films.  With self-
mixing dispersants the chemical surfactants is compatible with the bulk of the oil.  When the oil 
phase comes into contact with the aqueous phase the surfactant has a strong driving force to 
diffuse out of the oil phase and into the aqueous phase.  Upon diffusion into the aqueous phase 
the surfactant pulls some of the oil with it, thus producing small oil droplets.   
Dispersants contain solvents and surfactants.
164
  The surfactant is the main component in 
the dispersant that is responsible for the increasing the aqueous solubility of the oil.  A surfactant 
is a compound that has both oil-compatible and water compatible groups.  Surfactants form oil 
droplets by reducing the interfacial tension between the water and oil layers.  There are three 
main types of surfactants: anionic, cationic, and nonionic.  Anionic surfactants are the oldest type 
of surfactants.  They are the most commonly used surfactants and account for roughly 50% of 
surfactant production.  They consist of a long chain of fatty acids such as sodium olelate (soap), 
sodium lauryl sulfate (foaming agent), alkylbezene sulfonates (detergents), and di-alkyl 
sulfosuccinate (wetting agents).   A large portion of cationic surfactants corresponds to nitrogen 
compound (amines or quaternary ammonium salts) and a halogen type, such as cetyl trimethyl 
ammonium bromide.  Nonionic surfactants are the second largest type of surfactant produced.  
Instead of containing an ionized compound, nonionic surfactants contain a hydrophillic group of 
a non-dissociating type, such as alcohol, phenol, ether, or ester.  
There have been numerous reports of benefits for using dispersants.  By increasing the 
aqueous solubility of the oil, dispersants lower the amount of oil on the surface of a body of 
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water which has a number of advantages.  A major advantage of the absence of oil slicks is the 
decrease in the number of birds contaminated.   Many birds feed on different marine species and 
in order to catch their feed they dive under the surface of the water.  When surface oil is present 
on the water layer these birds become covered in oil and as a result cannot fly.  In extreme 
contaminated cases oiling of birds has resulted in death.  In addition to advantages with marine 
feeding birds, the absence of oil slicks reduces the fire hazard.  By dispersing the oil into the 
water column the combustible components on the water surface are eliminated.  In select studies 
the rate of biodegradation of chemically dispersed studies has increase.
165-167
  The increase in the 
biodegradation of the oil has been attributed to the increased solubility of the oil and smaller 
droplet size of oil present, thus increasing the oils surface area that comes into contact with the 
degrading microbes.  In contrast, abundant studies have found chemically dispersed oil to inhibit 
the biodegradation of the oil.
168, 169
   
Previously there are two main ways to apply dispersants to the oil, via boats or aerially.  
Both application methods utilize spray nozzles to apply droplets of dispersant to the oil slick.  
Boats allow for a large load of dispersant on the boat itself; however application area is limited 
to the extension of the boom arms on the vessel.  Additionally, boat applications can be very 
time consuming in comparison to aerial application.  Aerial distribution of dispersants allows for 
fast application of dispersants to the oil slicks; however it is limited by the capacity of dispersant 
that can be transported on the plane.  While planes do not have the high cargo capacities of the 
boats, they are much faster, thus allowing for multiple reloading in the time frame of one boat 
voyage.  In addition to the aforementioned dispersant applications, during the DWH oil spill 
dispersants were applied at the well head.   This is the first sub-surface application in the history 
of dispersants use.  Wellhead application was approved by the Environmental Protection Agency 
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(EPA) to reduce and possibly eliminate oil slick on the surface of the Gulf of Mexico.  In 
addition to the previous advantages listed, it was proposed that sub-surface dispersant application 
will reduce the number of volatile components, thus reducing many inhalation health related 
concerns.  For this application to be successful, a jet was placed at the well head and the 
dispersant was to be applied directly in the flow of the oil, Figure 3.2.
170
  However due to 
multiple variables in the operation of the well head, the jet was not always applying dispersant, 
nor was it always in the oil and gas flow stream, thus the oil was not fully dispersed before 
reaching the water’s surface.   
 
Figure 3.2.   Sub-surface dispersant application theory. Reprinted with permission from 
Kujawinski, E. B.; Kido, S. M. C.; Valentine, D. L.; Boysen, A. K.; Longnecker, K.; Redmond, 
M. C., Fate of dispersants associated with the deepwater horizon oil spill. Environ. Sci. Technol. 
2011, 45, 1298-1306.  Copyright 2012 American Chemical Society. 
The Environmental Protection Agency has approved 20 dispersants in the National 
Contingency Plan.  Of the 20 previously approved dispersants, BP chose Corexit EC9500A and 
Corexit EC9527A due to their large availably.  These dispersants are self-mixing, anionic 
dispersant containing dioctyl disodium sulfosuccinate (DOSS).
171
  In addition to the DOSS, 
arrays of sorbitan surfactants are present in the dispersants including Tween 85, Tween 80, and 
Span 80.
171
  Both dispersants contain propylene glycol as a solvent.  Additionally, Corexit 
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EC9500A contains hydrotreated light petroleum distillates and Corexit EC9527A contains 2-
butoxyethanol as added solvents.  Suggested application rates for oil spills treated with Corexit 
EC9500A and Corexit EC9527A ranges from 50:1 to 10:1 oil to dispersant.
172, 173
   
Since oil’s composition can vary with the source of the oil, the effectiveness of 
dispersants has found to be dependent on the oil source.  Belore et al. studied the effectiveness of 
Corexit EC9500A and Corexit EC9527A with various oils.
174
  In these studies it was observed 
that the oils with higher densities had a lower percentage of oil dispersed with the dispersants.  
Additionally, they observed in some oils that samples with Corexit EC9500A had a slightly 
lower overall percentage dispersed in the aqueous layer.  Moles et al. studied the effectiveness of 
Corexit EC9500A and Corexit EC9527A on Alaska North Slope Crude oil at low temperatures 
and variable salinities.
175
  In these studies dispersion of oil into the aqueous phase with both 
dispersants did not occur at temperatures below 10
○
C with low salinities (22 ppt); however when 
the salinity was increased to 32 ppt dispersion did occur.  No dispersion was observed with either 
of the dispersants at 3
○
C.  Trudel et al. studied the dispersant effectiveness with oils of different 
viscosities.
176
  Oils with viscosities over 30,000 cP were not chemically dispersed and oils with 
viscosities of 2,500 to 18,690 cP were only partially dispersed with Corexit EC9500A.  
Additionally droplet size was found to be dependent on the viscosity of the oil.  The EPA has 
reported dispersant effectiveness for Corexit EC9500A and Corexit EC9527A to be 54.7% and 
63.4% effective on south Louisiana crude, respectively.
171
   
The EPA has estimated that 1.85 million gallons of dispersants were used during the 
duration of the DWH oil spill.
156
  In these estimation it was approximated that 0.77 million 
gallons of Corexit EC9500A were applied at the wellhead and a combined 1.07 million gallons 
of Corexit EC9500A and Corexit EC9527A were applied on the Gulf’s surface.  In the history of 
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oil spills never have dispersants been used to this extent.    Before the DWH oil spill, the largest 
application of dispersant in United States history was the Exxon Valdez oil spill of 1989.  In this 
spill it was estimated that 5,500 gallons of Corexit 9580 was used.
177
   
One aspect of concern with such large dispersant application is the potential toxicity of 
the dispersants to marine organisms.  Hemmer et al. has studied the toxicity of dispersants since 
the DWH oil spill.
178
  These studies examined the toxicity of eight dispersants, including Corexit 
EC9500A, with and without Louisiana sweet crude oil on two different marine species, mysid 
shrimp and inland silverside.  Mysid shrimp lethal concentrations to kill 50 percent of the test 
species (LC50) were in agreement with previously reported values from NCP for the Corexit 
EC9500A (42 verses 32.2); however LC50 values for the inland silverside were over 5 times the 
NCP previously report value (130 verses 25.2).  Toxicity tests conducted on Louisiana sweet 
crude indicated that the crude oil only samples were more toxic for both marine species than oil-
dispersant samples.  Additionally, Corexit EC9500A only samples were found to be practically 
or slightly toxic per NPC standards, but when mixed with Louisiana sweet crude the samples 
become moderately toxic.   
Scarlett et al. studied the toxicity of 2 dispersants, including Corexit EC9527A, on 
different marine species: a sediment-dwelling amphipod, a mussel, an anemone and seagrass.
179
  
In these studies the anemone was found to be more susceptible to the dispersant with the lowest-
observable-effect concentration (LOEC) of 20 ppm after 48 hours of exposure.  The mussel on 
the other hand had the highest LOEC of 250 ppm for the 48 hour exposure.  Irreversible damage 
of the respiratory system was observed, however, depending on the exposure time neurological 
damage was reversible.  Judson et al. studied the toxicity of dispersant via endocrine activity.
180
  
As postulated, Corexit EC9500A did not show endocrine activity.  Nonexistent endocrine 
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activity for Corexit EC9500A was due to the absence of nonylphenol ethoxylates, which can 
degraded to the highly toxic nonylphenol.    
In addition to toxicity issues, the effect of underwater dispersant application is uncertain 
and of great concern.  Fluorescence studies conducted after the DWH oil have identified 
chemically dispersed underwater plumes 900-1300 m from the surface.
181, 182
 Plume formation 
was also identified in DeSoto Canyon by researchers at the University of South Florida, which 
was later confirmed by the National Oceanic and Atmospheric Administration.
183
  DeSoto 
Canyon is a nutrient rich area that is a vital area for commercial fish spawning; therefore, oiling 
in this region has a large commercial impact.  Ramachandran et al. studied the effects of 
chemical dispersed oil on fish.
184
  In this study, an increase in the uptake of PAH was observed 
for Corexit EC9500A dispersed samples.  The EPA has reported that application of dispersant 
will not increase toxicity.
185
  These finding are challenged by the scientific community due to 
limitations in the research.
186
  In the EPA studies only Corexit EC9500A was tested and not 
Corexit EC9527A, which is known to be more toxic and bioaccumulates.  Additionally, studies 
were only conducted on two marine species, which do not mimic the species diversity in the Gulf 
of Mexico especially in deep waters.  Furthermore these studies were short term, thus long term 
effects (i.e. reproduction, mutation) on marine organisms are not known.  
Fate and Degradation of Oil 
Oil spilled in marine environments can undergo various processes, Figure 3.3.  Several 
environmental factors determine the fate of the oil.  After release of sub-surface oil the oil begins 
to travel through the water column.  During its duration in the water column, the water soluble 
polar fractions of oil dissolve in the aqueous layer.  In addition to dissolution, oil biodegradation 
can occur in the water column.  Once oil has reached the water surface, the lighter more volatile 
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portions of the oil evaporate into the atmosphere.  Oil slicks on the surface undergo atmospheric 
oxidation which is intensified by solar irradiation.  As the oil sits on the surface of the water, 
water in oil emulsion (mousse) can form.  Previous studies observed increases in the frequency 
of water in oil emulsions in the presence of oxidative degradation products.
187, 188
 
 
Figure 3.3.  Schematic of the clean-up methods and weathering of the oil released from the 
Macondo well head.  Reprinted adapted with permission from Atlas, R. M.; Hazen, T. C., Oil 
Biodegradation and Bioremediation: A Tale of the Two Worst Spills in U.S. History. Environ. 
Sci. Technol. 2011, 45, 6709-6715.  Copyright 2012 American Chemical Society.  
Boehm et al. studied the weathering of n-alkanes and aromatics in crude oil released from 
the Ixtoc I oil spill.
189
    In these experiments, evaporation and dissolution of lower molecular 
weight alkanes and aromatics was observed.  Rates of evaporation were almost identical for 
alkanes and aromatics; however dissolution favors the lower molecular weight aromatics due to 
the increase in solubility of the aromatics.  Additionally, biodegradation was virtually stagnant in 
the studies due to the low nutrient waters of the Gulf of Mexico.  Payne et al. employed 
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modeling methods to study the weathering on Prudhoe Bay crude oil.
190
  Simulations concluded 
that the uptake of water by the oil increased over weathering time.  Additionally, the density and 
the viscosity of the oil increased with weathering time.  Increases in the density and viscosity 
were expected due to the loss of the lighter fractions by evaporation and dissolution.  Interfacial 
tension between the oil and air increased over time; however, the interfacial tension between the 
water and oil layer decreased over time.  Various degradation processes produce polar oxidation 
products that are more soluble in water thus the interfacial tension between the water in the oil 
layers decreases.  Field experiments were conducted and experimental results were found to be 
in agreement with the predicted results from modeling.   
Douglas et al. examined the weathering of crude oil from the OSSA II spill over a series 
of 12 months.
191
  In these studies both lab and field experiments were conducted.  To determine 
the maximum amount of oil that could be lost due to evaporation, a gentle stream of nitrogen gas 
was directed on the oil surface while a hot plate heated the oil to 75
○
C.  A maximum of 45% of 
oil was lost in the laboratory evaporation studies and almost complete removal of C3-C18 n-
alkanes was observed.  In addition to the removal of the lower molecular weight alkanes, loss of 
C20 to C35 was also reported.  The loss of some of the mid-range n-alkanes were theorized due 
to the enhanced evaporation or aerosol partitioning.  In addition the lab studies suggest that the 
aqueous vapor extraction was responsible for the loss of the mid-range alkanes, which has been 
discussed in previous studies.
192
  In the field samples nearly complete loss of the lighter alkane 
fractions, C8 to C15, and partial loss of the mid-range alkanes, C15 to C40, were reported. 
The National Oceanic and Atmospheric Administration (NOAA) proposed a budget to 
account for the oil from the DWH oil spill, Figure 3.4.
183
  In this budget they reported that 17% 
of the oil was recovered directly from the wellhead and an additional 8% was removed through 
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BP’s physical clean-up methods.  They estimated that 25% of the oil was evaporated from the 
surface of the gulf or was dissolved in the gulf due to the travel from the wellhead.  Naturally 
dispersed oil accounted for 16% of the oil removed while chemical dispersion accounted for only 
8% of the oil removal.  An estimated 26% of the oil is considered to be residual oil.  They 
defined the residual oil as tar balls that have washed up on the shore, oil that is just below the 
surface or on the surface as sheen, and oil that is located in the lower portions of the shore’s 
surface.  The residual oil and the dispersed oil has not been collected, thus these portions are still 
present in the ecosystem and are being degraded.  
 
Figure 3.4.  NOAA’s proposed budget for oil released from the Macondo well183 
 
 The two major pathways for oil degradation are biodegradation and photodegradation.  
Many studies have examined the biodegradation of crude oils.  Wong et al. carried out laboratory 
studies on the biodegradation of oil.
193
  Fluorescence intensities of oil samples drastically 
decreased between 3 and 5 days of microbial degradation, and after 15 days of exposure 
fluorescence was nonexistent.  Alkane degradation in these studies was rapid, and almost 
compete degradation of linear alkanes was observed after 9 days.  Mille et al. investigated the 
biodegradation of oil in differ salinities.
194
  Increase in degradation was observed for salinities up 
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to 0.4 mol/L.  Salinities above 0.4 mol/L exhibited a decrease in biodegradation with increasing 
saline concentrations.    
 After the DWH oil spill studies found fluorescent underwater plumes miles away from 
the Macondo wellhead.
182
  These plumes were suspected to be chemically dispersed oil from the 
wellhead that was picked up by an underwater current 900 to 1300 meters below the surface. 
Initial reports of the plume indicated that the plume was monoaromatic compounds that persisted 
in the gulf’s water column for months without substantial biodegradation.  Further investigation 
of the deep-sea plume found low concentrations of phosphate, nitrate, and dissolved oxygen with 
higher concentrations of ammonium.
195
  Differences in the nutrient concentrations suggested that 
these plumes contain high concentration oil degrading microorganisms that were not present in 
the non-plume areas.  The presence of biodegrading microorganisms were attributed to light 
nature of the oil containing a large portion of readily biodegradable volatile compounds.  While 
these recent studies have observed increases in the microbial activity in deep underwater plumes, 
larger molecules, such as PAHs, are normally recalcitrant biodegradation.
196
  Additionally, 
biodegradation of insoluble oil fractions are limited by oil-water interface area, thus 
biotransformation is slow.  Dispersant addition increases the oil to water surface contact area.  
Studies with dispersant addition have observed an increase in the biodegradation of oil, however 
in contradicting studies inhibition of biodegradation of oil with dispersant was observed. 
Zahed et al. studied the biodegradation of oil with and without nutrients present in the 
system while varying the initial oil concentration.
197, 198
  In these studies increase in total 
petroleum hydrocarbon degradation was observed when nutrients were added for all oil 
concentrations; however, the greatest enhancement was observed for lower oil concentrations.  
Further investigations were conducted to determine the effect of Corexit EC9500A on the 
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biodegradation of the oil.
199
  Increase in the degradation was reported for all samples with 
dispersant present with varying initial oil concentrations; however, higher overall percent oil 
remaining was observed for higher initial oil concentrations. Macnaughton et al. studied the 
microbial colonization and biodegradation of crude oil with and without nutrients.
200
  
Colonization of microorganisms in oil droplets was delayed for systems without Corexit 
EC9500A in contrast to systems with dispersant present, thus increase in biodegradation was 
observed for dispersed samples.  In comparison to samples without nutrients, an increase in 
microbial degradation of n-alkanes was observed in samples with nutrients present (55% versus 
90% respectively).  Wrenn et al. studied the biodegradation of oil with ammonium and nitrate 
present as nutrients.
201
  In these studies nutrients were added both continuously and 
intermittently to determine if continuous nutrient source increased biodegradation.  With these 
studies, biodegradation was found to be independent of the nitrogen source and the abundance of 
the nutrient.  Additionally, after 2 weeks of exposure, biodegradation ceased in systems with and 
without nutrient addition.   
 Fought et al. studied the biodegradation of n-alkanes and aromatics with and without 
Corexit EC9527A.
202
  In contrast to studies by Zahed et al., samples with dispersant had a 
decrease in the alkane degradation in comparison to samples without dispersant.  Minute 
differences were observed for aromatic hydrocarbon biodegradation with or without dispersant.  
Sequential studies by Fought et al. examined the degradation of sulfur containing heterocyclics 
with different concentrations of Corexit EC9527A.
203
  For these studies inhibition of the 
degradation was observed with high concentrations of dispersant present.   
Previous studies have observed that biodegradation is sluggish in low nutrient 
environments, such as the Gulf of Mexico.  In addition large molecules are resistant to 
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biodegradation; therefore, alternative methods are need for degradation to occur.  Photooxidation 
is an important mechanism for the degradation of crude oil.  Photooxidation reactions have been 
defined as either type 1 or type 2 reactions.
204
  In type 1 reactions the light absorbed 
photodissociates the absorbing compound to produces radicals.  The radicals products then react 
with oxygen to yield oxidation products.  In type 2 reactions, excited state singlet oxygen is 
formed, which can then react with compounds in the system to form oxygenated products.  In 
addition to formation of singlet oxygen, studies have suggested superoxide radical anion is a 
reaction intermediate in some photooxidation reactions.   
Numerous studies have been conducted on the photooxidation of crude oil and different 
fractions of crude oil.  Berthou et al. examined the photodegradation of the water soluble acid 
compounds in Arabian light oil.
205
  Increase in the fluorescence intensity was observed over 
irradiation time in these studies due to the increase in products that were more water soluble than 
the parent compound.  Additionally drastic increases were observed in the unresolved complex 
mixture portion of the gas chromatogram after 70 days of irradiation due to the increase in 
degradation products, some which act as photosensitizers.    Thominette and Verdu studied the 
photooxidation of light crude oil.
206
  They observed a decrease in the lower molecular weight 
compounds and the formation of a high molecular weight species due to polymerization or 
coupling reactions.  D’Auria et al. studied the effect of UV irradiation of crude oil by high 
pressure mercury lamps.
207
  In these studies linear hydrocarbon intensity increased and alkenes 
were eliminated after irradiation.   It was hypothesized that the surge in the linear hydrocarbon 
concentration was due to the degradation products formed from branched and cyclic alkanes.   
Aromatics are highly photoactive due to their ability to absorb light in the UV regions, 
thus many studies have been conducted on the photodegradation of aromatics. Plata and Reddy 
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examined the photochemical decomposition of selected PAHs, benzo[e]pyrene (BEP), 
benzo[a]pyrene (BAP), benzo[a]anthracene (BAA), and chrysene (CHR), in oil contaminated 
coastal zones.
208
    These studies found that the bent isomers, BEP and CHR, are resistant to 
photodegradation in comparison to their linear counterparts, BAP and BAA.  The preference for 
degradation of linear PAHs suggests that the direct photodegradation is the mechanism for 
degradation.  Lower degradation rates were observed for studies of PAHs conducted in hexane 
than in water, which implies that direct photolysis contributes a smaller role in PAH degradation 
in oil films than in aqueous systems.    Further investigations by Plata et al. studied the role of 
singlet oxygen in the degradation of the above mentioned PAHs.
209
 In these studies, degradation 
was almost stagnant in hydrophobic solvents.  The inhibition in the degradation was attributed to 
the unstable environment for the single oxygen in the hydrophobic solvents.   
Studies have been conducted on the photodegradation of PAHs under different gas 
streams: O3/N2, O2/N2, O2/O3/N2.
210
  In these studies, increases in rate constants for anthracene 
and phenanthrene were observed in the presence of O2/N2.  Higher rate constants for perylene 
and pyrene were reported for O3/N2, which suggests that direct photolysis is not the mechanism 
for degradation.  Fasnacht and Blough studied the mechanism of PAH photodegradation through 
cation radicals and the role of O2 in the degradation in aqueous systems.
211
  In these studies PAH 
degradation was found to be independent of the wavelength of irradiation, which suggests that 
indirect photoionization was occurring.  Additionally, photodegradation quantum yields of PAHs 
increased with increasing concentrations of oxygen, which confirms the importance of oxygen in 
the photodegradation mechanism.  A small effect was observed on PAH degradation reactions in 
the presence of an electron donor at low oxygen concentrations; however, with high oxygen 
concentrations the rate of PAH degradation drastically decreased.  From these studies it was 
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concluded that the photodegradation of PAHs occurs through the excited singlet state, primarily 
through an electron transfer to oxygen, while triplet oxygen degradation happens through a direct 
reaction of oxygen with the PAH.   
  Alkanes are readily biodegraded, however due to the lack of the ability to absorb 
ultraviolet irradiation, they are resistant to photodegradation.  In order for photodegradation of 
alkanes to occur, a photosensitizer must be present.  Rontani et al. studied the photosensitized 
degradation of pristane with over 15 days with anthraquinone present.
212
  Anthraquinone is 
commonly chosen as a photosensitizer due to its abundance in marine environments.  With the 
photosensitizer present, pristane was oxidize to produce secondary or ternary 
photodecomposition products, including alcohols and ketones.  The ratios of pristane to eicosane 
were compared to study the patterns of photodegradation.  In these comparisons the ratios did 
decrease over the reaction time, which suggested that branched alkanes are more readily 
photodegraded than linear alkanes.  Further studies by Rontani et al. investigated the 
photosensitized degradation of linear alkanes with natural sunlight over 28 days.
213
  Alkane loss 
was observed over the course of the irradiation period.  The ratios of heptadecane to pristane and 
octadecane to phytane were compared.  Decreasing ratios confirmed the higher photochemical 
reactivity of the branched alkanes. 
Photocatalyst have been added to increase the rate of photodegradation and to assist in 
the degradation of alkanes.  Most of the studies of oil degradation employ titanium dioxide 
(TiO2) as the photocatalyst.  Titanium dioxide is a common photocatalyst due to its relatively 
low toxicity, resistance to corrosion, and ability to be excited in the UV region.  Titanium 
dioxide has three different crystal structures: brookite, anatase, and rutile.
214
  While rutile is the 
most thermodynamically stable form of TiO2, anatase TiO2 has is more photochemically  active.  
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However, studies have shown that 70:30 anatase to rutile is optimal for maximum photoactivity.  
Anatase TiO2 is excited by wavelengths lower than 387 nm and has a band gap of 3.2 eV.
215
  
When TiO2 is irradiated with light, the absorbed photon excites an electron from the valence 
band into the conduction band.  When the electron is excited into the conduction band a hole is 
also produced.  Coupling of the produced excited electron and the hole is commonly called an 
electron-hole pair.  The excited electron can undergo direct degradation by being absorbed by a 
pollutant, thus reducing the pollutant.  Additionally, the excited electron can react with molecular 
oxygen to produce a superoxide radical (O2
-˖
), which can then react with the pollutant or with 
water to form other radicals.  The hole can diffuse to the particle surface where it can react to 
degrade the organic compound either directly or indirectly.
216-218
 Direct degradation is when the 
hole directly oxidizes the organic compound.  In the indirect degradation pathway, the hole at the 
particle’s surface reacts with a water molecule to produce hydroxyl radical (·OH).  The hydroxyl 
radical produced is a nonspecific oxidant that can degrade the pollutant, sometimes yielding 
complete mineralization if sufficient oxidant is present.  In addition to TiO2, iron oxide can be 
excited by photons to produce an electron-hole pair.  In comparison to the band gap of TiO2, the 
Fe2O3 band gap is 2.2 eV, allowing Fe2O3 to absorb in the visible region. However, Fe2O3 has a 
higher probability of electron and hole recombination, which limits its effectiveness as a 
photocatalyst.
215, 219
  
Ziolli and Jardim studied the photocatalytic degradation of the water soluble fractions of 
oil with TiO2.
216
  Increase in reduction of dissolved organic carbon was reported for systems with 
TiO2 present.  Additionally, FT-IR analysis indicated that mineralization of the water soluble 
fraction was observed with catalyst present, but not without photocatalyst. Over the course of 5 
days, samples without photocatalyst remained toxic; however, samples with photocatalyst were 
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no longer toxic after 3 days of irradiation.  Further investigations by Ziolli and Jardim on the 
photodegradation of the water soluble fractions observed no significant difference in the gas 
chromatogram without photocatalyst; conversely with TiO2 of the complete removal of the 
compounds present in the water soluble fraction was observed.
220
   
Pernyeszi and Dekany studied the photocatalytic degradation of sodium dodecylsulfate 
(SDS) stabilized toluene and asphaltene dissolved in toluene with TiO2 and hydrogen peroxide 
present.
218
  Hydrogen peroxide was added in these systems to trap the hole of the electron-hole 
pair, thus decreasing the probability of recombination. After 10 hours of irradiation, 85% of the 
asphaltene and toluene mixture was removed with photocatalyst and hydrogen peroxide, whereas 
65% of toluene was removed in toluene only systems.  In addition to the asphaltene and toluene 
studies, photodegradation of crude oil was examined with and without hydrogen peroxide.  In 
these studies enhancement was observed in high peroxide (1 M) systems; however at low 
peroxide concentrations (0.1 M) total organic carbon removed after 10 hours of irradiation was 
identical.   
A number of studies have investigated the degradation products from photolysis.  
Ehrhardt and Weber examined the products of anthraquinone photosensitized reactions with 
tetradecane and two Brazilian oils.
221
  Acetaldehyde, acetone, and formaldehyde were identified 
as products of the reactions.  Attempts to quantify acetaldehyde and acetone were unsuccessful 
due to the irregular changes in the concentrations, which were postulated to be due to the 
volatility of the compounds.  Formaldehyde was quantified and the rate of formation was 
determined to be dependent on the source of the oil.  Hansen studied photodegradation products 
of petroleum surface films on seawater irradiated by mercury lamps.
222
  When glass was inserted 
in the pathway of the irradiation, no photodegradation products were observed.  Lack of 
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photodegradation products was suggested to be due to the filtering out of wavelengths below 350 
nm, which is where photoactivity is the highest.  When irradiation was performed with 
wavelengths below 350 nm, the intensity of the photodegradation products were increased by 
tenfold in comparison to full solar spectrum irradiation.  The principle photodegradation 
products that were detected were carboxylic acids.  Additionally, alcohols and aldehydes were 
detected, but it was implied that these products were further phototransformed to carboxylic 
acids.   
Burwood and Speers investigated the photooxidation product of Middle Eastern crude 
oil.
223
  In these studies, photooxidation resulted in the increase in the unresolved complex 
mixture and the formation of sulfoxides.   Larson et al. examined the products of photooxidation 
and their toxicities on baker’s yeast.224  Increase toxicity was observed over irradiation time and 
was initiated by the formation of polar oxidative products including carbonyls and phenols.  
Supplementary investigations by Larson et al. identified that in addition to the formation 
carbonyls and phenols, hydroperoxides were formed.
225
 In addition to the above mentioned 
photooxidation products, studies have reported the formation of epoxides, sulfones, esters, fatty 
acids, anhydrides, and quinones.
188, 226-228
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CHAPTER 4 
 
PHOTOLYTIC AND PHOTOCATALYTIC DEGRADATION OF 
OIL FROM THE DEEPWATER HORIZON SPILL 
 
Introduction 
The Deepwater Horizon oil spill in the Gulf of Mexico was an enormous disruption to the 
entire ecosystem.  It was estimated that 4.9 million barrels of oil gushed into the gulf over 86 
days until BP capped the well head.
156
  The impacts are widespread and a full understanding of 
the long term impacts is still under investigation.  To better understand the impacts that the oil 
spill has on the ecosystem, a full knowledge is need of the fate of the oil after it is released.  
There are several mechanisms for the degradation and dispersion of aquatic released oil 
including dissolution, emulsification, absorption, mixing, evaporation, biodegradation, 
photodegradation, and chemical reactions.
187, 229-233
  Contributions from dissolution were higher 
for the Deepwater Horizon oil spill than other Gulf of Mexico oil spills due to the depth of the oil 
head (1500m) and the addition of chemical dispersants.  In addition, biodegradation and 
photodegradation have been shown to be two of the most significant degradation mechanisms in 
previous oil spills.
234, 235
 Initial studies report of biodegrading bacteria in water plumes from the 
Deepwater Horizon oil spill.
195
  Biodegradation has been shown to be useful for the degradation 
of small molecules; however, it is slower in the nutrient deficient waters of the open Gulf of 
Mexico.
201, 236, 237
  Furthermore, higher molecular weight alkanes and polycyclic aromatic 
hydrocarbons (PAH) are resistant to biodegradation, as well as dissolution and evaporation.  For 
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these recalcitrant compounds, photochemical transformations become of extreme importance for 
the initial step in promoting bioavailability and further degradation.   
Numerous studies have been conducted on the photodegradation of oil.  In most of these 
studies a mercury lamp or fluorescent lamps were used as an irradiation source.
216, 220, 238, 239
  
These sources do not accurately mimic the optical spectrum of the sun.  In addition, in some of 
the previous studies the oil was separated into different fractions before irradiation.
213, 216, 240
 The 
chemical and physical interactions of the different fractions were therefore not included in these 
studies, thus the degradation rates and mechanisms do not necessarily mimic those of true crude 
oil samples in an environmental setting. 
Few studies have been conducted on oil in the presence of photocatalysts.
217, 218, 241, 242
  In 
those studies, the samples with photocatalysts have shown an increase in the degradation rate of 
the different components of the oil.  The most common photocatalyst that has been studied in the 
degradation of oil is titanium dioxide.  In comparison to the rutile form, the anatase form of TiO2 
is more photochemically active.  Anatase has a band gap of 3.2 eV and is excited by 
electromagnetic radiation with wavelengths that are shorter than 387 nm.  The absorbed photon 
excites an electron from the valence shell into the conduction band, thus producing an electron-
hole pair.  The excited electron can undergo direct degradation by being absorbed by a pollutant, 
thus reducing the pollutant.  Additionally, the excited electron can react with oxygen to produce 
a superoxide radical (O2
-˖
), which can then react with the pollutant or with water to form other 
radicals.  The hole can diffuse to the particle surface where it can react to degrade the organic 
compound either directly or indirectly.
216-218
 Direct degradation is when the hole directly 
oxidizes the organic compound.  In the indirect degradation pathway, the hole at the particle’s 
surface reacts with a water molecule to produce hydroxyl radical (
·
OH).  The hydroxyl radical 
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produced is a nonspecific oxidant that can degrade the pollutant, sometimes yielding complete 
mineralization if sufficient oxidant is present.  In addition to TiO2, hydroxyl radicals can be 
formed by iron oxides.  Iron oxide is excited by photons which then produce an electron-hole 
pair similar to the TiO2.  Comparable to TiO2 the electron hole pair can then react with a water 
molecule to produce hydroxyl radicals that degrades the organic pollutant.  In comparison to the 
band gap of TiO2, the Fe2O3 band gap is 2.2 eV, allowing Fe2O3 to absorb in the visible region. 
However, Fe2O3 has a higher probability of electron and hole recombination, which limits its 
effectiveness as a photocatalyst.
24,25
  
In this chapter, photodegradation of surface oil from the Deepwater Horizon spill was 
studied.  Photodegradation studies were conducted with and without the photocatalysts TiO2 and 
Fe2O3.  Analysis of the phototransformation of crude oil was achieved using GC-FID for alkanes 
and fluorescence for PAH.  In addition, Microtox was utilized to study the toxicity of the water 
exposed to oil with and without photochemical treatment.   
Experimental Materials and Methods  
Crude oil and water samples were collected on May 26, 2010 at N 28
○
 48.316, W 89
○
 07.949, 
which is approximately 47 miles northwest of the Deepwater Horizon spill site.  Oil samples 
collected were thick and dark brown.  The water samples were collected from a nearby area in 
the Gulf of Mexico that was not visibly contaminated with oil.  After collection the water 
samples were filtered through a 0.2 µm polycarbonate filters to sterilize the water and were 
subsequently stored at 4 ºC.    
Dichloromethane (DCM) and toluene were OmniSolv ultra high purity obtained from EMD.  
HPLC solvent grade pentane and naphthalene were obtained from J.T. Baker.  Titanium (IV) 
oxide (anatase, nanopowder, <25 nm, 99.7%), iron (III) oxide (<50 nm), fluorene, fluroanthane, 
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anthracene, pyrene, and eicosane were obtained from Aldrich. Pentadecane, n-octacosane, n-
docosane, n-tetracosane, and n-triacontane were from Alfa Aesar.  Octane, nonane, decane, and 
dodecane were obtained from Fluka.  Benzo[a]pyrene was obtained from Sigma.    Microtox 
diluent, osmotic adjusting solution, reconstitution solution, and acute reagent were obtained from 
SDIX.  
To reduce the hydrophobicity of the TiO2 and Fe2O3 nanoparticles and to make them 
more readily disperse in the oil, the photocatalysts were coated with stearic acid.  Stearic acid 
coating was achieved by sonicating the oxide in an ethanol solution of steric acid (0.353 mM).  
After sonication the sample was centrifuged, the ethanol was removed, and the coated oxide 
particles were dispersed in toluene.   
Prior to exposure to simulated sunlight, 100 mg of crude oil was weighed and dissolved 
in a mixture of pentane and toluene (20:1). For samples treated with TiO2 or Fe2O3, the 
photocatalyst was added to the mixture instead if toluene.  The mixture was then sonicated to 
fully disperse the oil and photocatalyst.  The mixture was then poured onto the surface of 10 of 
mL Gulf water in a 150 mL water-jacketed beaker (5 cm i.d.). The sample was kept uncovered 
for 5 minutes to allow the pentane and toluene to evaporate.    After drying the samples were 
exposed to 765 W/m
2
 solar simulated light (Atlas Suntest CPS+ equipped with a 1500 W air 
cooled xenon arc lamp).  Solar simulator intensity accounts for irradiations in the 300-800 nm 
range and not the full spectrum.  During irradiation, the tops of the jacketed beakers were 
covered with a piece of quartz glass, and the samples were kept at 27 °C by circulating 
thermostatic water through the jacketed beakers.  After irradiation the samples were either 
extracted with DCM for GC-FID and fluorescence analysis, or the aqueous layer was taken for 
Microtox analysis. 
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Oil extracts were analyzed on a Hewlett-Packard Agilent 6890 GC coupled to an auto 
sampler with a flame ionization detector and a 30 m × 0.32 mm (i.d.) AT-1 capillary column.  
The injector and detector temperatures were set to 300 °C and 350 °C, respectively, and the 
temperature programming was as follows: 80 °C held for 1 minute, ramp at 15 °C/min until a 
final temperature of 320 °C which was held for 15 minutes.  To eliminate any variations in the 
GC’s performance, dodecane was added as an internal standard to all samples. 
Fluorescence excitation-emission matrices and synchronous scans were collected with a 
PerkinElmer LS 55 luminescence spectrometer.  Synchronous scans on the diluted oil extracts 
were collected from 250 to 500 nm with a delta lambda of 25 nm and excitation and emission 
slits set to 2.5 and 5.0 nm, respectively.  To determine the PAH emission wavelength ranges, 
DCM diluted samples of individual PAH were analyzed via synchronous scan. Excitation-
emission matrix scans were collected with an emission range from 300 to 600 nm and with 
excitation starting at 200 nm and incrementing every 5 nm until 400 nm.  Excitation and 
emission slits were both set to 5.0 nm.  
Microtox analysis was performed using a Microtox 500 analyzer (SDIX).  The protocol 
used to analyze the toxicity of the water exposed to the oil was the comparison test for marine 
and estuarine samples.
216, 243
  For each day Microtox was used, the basic test was run on phenol 
or zinc sulfate standards to ensure proper function of the Microtox analyzer and procedure. 
Results and Discussion 
The very low molecular weight alkanes (C13 and smaller) were absent from the GC-FID 
chromatograms.  These compounds were most likely lost in weathering of the oil between its 
release from the well and its collection.  The more volatile and more water soluble compounds 
either evaporated or were removed by dissolution in the Gulf of Mexico water.   
76 
 
The optical spectrum of the irradiation source in the solar simulator used in our studies 
was similar to the optical spectrum of the sun, with a slightly higher intensity.  To standardize 
our instrument a calibrated Hamamatsu S1718 (National Renewable Energy Laboratory) solar 
cell was used to measure the intensity of the xenon arc lamp used.  From the measured intensity, 
it was discovered that the output of our solar simulator 765 W/cm
2
 is relatively equal to 1.26 
suns.  Since the sun’s full intensity is only for 6 hours, this means our 6 hour irradiation is equal 
to 1.26 days of irradiation.  
Crude oil was deposited onto the Gulf water to mimic the interactions of the components 
in the water with those of the oil and degradation products.  100 mg of the oil was used which 
produced a film of oil that was approximately 60 µm thick.  Photographs were taken before and 
after each irradiation to document the physical changes in the oil layer throughout irradiation and 
are presented in Figure 4.1.  After 6 hours of irradiation the oil layer became leathery in 
appearance, and upon movement the oil layer cracked. The leathery appearance was likely due to 
loss of the lower molecular weight fractions from the oil layer.  The oil sample irradiated for 12 
hours was slightly lighter in color than the six hour irradiated sample.  The 12 hour sample had a 
leathery appearance similar to the 6 hour sample; however, cracks were not apparent in the 12 
hour sample due to a smaller extent of movement of the sample after irradiation.  After 24 and 48 
hours of irradiation, significant physical degradation of the oil was apparent.     
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Figure 4.1. Appearance of oil as a function of irradiation time: (a) before irradiation, and after (b) 
3 hours, (c) 6 hours, (d) 12 hours, (e) 5.4 days, and (f) 48 hours irradiation. 
 
In comparison to other methods (e.g. liquid chromatography with UV diode array 
detection, gas chromatography/mass spectrometry), fluorescence has been shown to exhibit 
better detection limits for PAHs.  However many PAHs have similar excitation and emission 
wavelengths, thus making the detection of individual compounds in multiple component systems 
impossible with conventional fluorescence without previous separation methods.  To overcome 
this limitation, Lloyd introduced synchronous fluorescence scan (SFS) as a method to 
characterize complex mixtures without a separation step.
244
  Years later, Christian et al. designed 
a device for the simultaneous recording of the fluorescence data in a method called excitation-
emission matrix (EEM).
245
 
Synchronous scans were performed on the DCM extract and are presented in Figure 4.2a.  
In our studies we collected synchronous scan data from 250-500 nm, which slightly differs from 
the range of 300-700 nm used by Guedes et al.
246
    It was observed in their studies that after 100 
hour of solar irradiation the total fluorescence intensity decreased 61% and 72% for Arabian and 
Columbian oil, respectively.  D’Auria et al. observed synchronous scan fluorescence emission 
d 
c 
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spectrum ranges 300-550 nm for Centro Oil. In their studies the maximum emission peak was 
observed at 396 nm and the fluorescence intensity decrease 20% after 100 hours of irradiation 
with a high pressure mercury lamp.
207
  For our 3 hour irradiated samples the maximum emission 
intensity was at 306 nm and decreased by 28, 42, and 32% for no oxide, TiO2, and Fe2O3, 
respectively after irradiation.  The difference in the synchronous scan emission wavelength 
ranges of these previous studies and our studies is the result of the different location of the 
source oil, thus resulting in different chemical composition.      
 
 
Figure 4.2.  Synchronous scan of the (a) 3 hour dark (─) and no oxide (─), TiO2 (─), and Fe2O3 
(─) irradiated samples with ∆λ= 25nm.  The percent remaining of PAH for (b) small (305 nm), 
(c) medium (326 nm) and (d) large (390 nm) molecules with no oxide (■), TiO2 (■), and Fe2O3 
(■). 
a b 
c d 
79 
 
Previous studies established that fluorescence synchronous scan data can be separated 
into different regions which represent different size PAHs; smaller PAH emissions are at lower 
wavelengths while larger PAH emissions occur at longer wavelengths.
205, 247, 248
  From the 
synchronous scans of known PAH and from previous literature, three wavelengths were chosen 
to represent the different molecular weight PAHs.  The wavelength regions used were 305 nm 
(small), 326 nm (medium), and 390 nm (large).
205, 207
 Figures 4.2b-d show the observed decrease 
in fluorescence intensity for each of these regions for samples irradiated for various times. 
Concentrations of small and medium PAH decrease over irradiation times until 24 hours for 
irradiated samples without oxides.  After 24 hours of irradiation no difference is observed in the 
percent remaining in comparison to the 48 hour irradiated samples.   From the results it is evident 
that the larger the PAH the more readily degraded it is.  This increase in the photolysis of the 
larger PAH is likely due ability of the larger PAHs to absorb light in the visible spectrum. 
   Samples containing Fe2O3 exhibited the same extent of degradation as the samples 
without the modifier present.  Irradiated samples with TiO2 present exhibited an increase in 
degradation after 3 hours of degradation in comparison to the no oxide and Fe2O3 samples; 
however after 6 hours of irradiation TiO2 samples exhibit a decrease in the degradation rates in 
comparison to the no oxide.  The difference in the initial oil degradation rates of samples with 
Fe2O3 compared to those with TiO2 is likely due to the fact that Fe2O3 has a very short electron-
hole recombination time, preventing effective reaction of the electrons and holes with oil, water, 
or oxygen present in the system.   
Excitation-emission matrix fluorescence has been proven by previous researchers as a 
viable tool for the analysis of multiple components PAH samples, including crude oil.
249-251
  
EEM spectra were acquired for the DCM extracted oils, and the data are presented in Figure 
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4.3a.  As a rough measure of percent degradation, we examined the peak intensity at the highest 
point, which has been done in previous studies.
252
  The maximum of the EEM for the oil used in 
this study coincides with an excitation wavelength of 260 nm and an emission wavelength of 375 
nm as shown in Figure 4.3b.  From the results it is evident that after 3 hours of irradiation the 
TiO2 doped samples exhibited an increase in degradation (45% removed) in comparison to the 
Fe2O3 and no oxide samples (25% and 27% removed, respectively).  For the EEM data, Fe2O3 
and no oxide samples had almost identical degradation patterns.  The trends of the EEM data, 
increase in degradation for samples containing TiO2 then those with no oxide and Fe2O3 and the 
identical degradation pattern with no oxide and Fe2O3 samples, are analogous to that of the 
synchronous scan data discussed above.   After 12 hours of irradiation the TiO2 degradation 
patterns start to mimic that of the no oxide and the Fe2O3.  Trends of increased initial degradation 
rate followed by slowly decreasing rate are seen in both of the synchronous scan and EEM data 
sets.  Decease in the rate of degradation over time could be related to the decomposition of the 
photosensitizers that are initially present in the crude oil samples. 
D’Auria, et al. discovered that linear alkanes did not undergo photochemical degradation 
after 100 hours of mercury lamp irradiation.
253
    Klein and Pilpel studied the photodegradation 
of n-alkanes in solution with 1-naphthol present.
254
  In their studies it was observed that the 
photodegradation of the n-alkanes increased with increasing amounts of photosensitizer present, 
whereas marginal degradation occurred in the samples without 1-naphthol.  Rontani and Giral 
observed that the branched alkanes had were more susceptible to endure phototransformation 
than the linear alkanes.
212
  Hansen reported similar results that the branched alkanes are more 
readily decomposed then the n-alkanes.
222
  Rontani and Giral later reported that the extent of 
degradation can be confirm by comparing the ratio of branched alkanes to n-alkanes.
213
         
81 
 
 
  
Figure 4.3.  (a) EEM of the DCM diluted non-irradiated oil extracted.  (b) The percent emission 
remaining for the oil after irradiation with no oxide (■), TiO2 (♦), and Fe2O3 (▲).  Excitation 
wavelength = 260 nm and emission wavelength = 375nm  
The extent of loss of alkanes was studied via GC-FID.  Data for these experiments are 
presented in Figure 4.4.  Identification of the major peaks was accomplished by comparison to 
retention times of known n-alkane standards.  All peaks were normalized to dodecane to 
eliminate possible injection and instrument variations.   From the results it was observed that all 
samples which were exposed to simulated sunlight exhibited extensive reduction of C14-C17 
alkanes.  Minute differences in the loss of the lower molecular weight alkanes are observed 
between 3 and 12 hours of irradiation; however after 24 hours a substantial reduction in the C14-
C17 alkanes is observed.    To confirm the losses present in our samples are due to the 
a 
b 
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photodegradation of the alkanes, the ratio of n-heptadecane (n-C17) to pristane and n-octadecane 
(n-C18) to phytane is compared, Table 4.1 and 4.2.  From the ratios of n-C17 to pristane and n-
C18 to phytane it is evident that the disappearance in the lower molecular weight alkanes is not 
to photodegradation, but probably evaporation.  C14-C17 alkanes are not that volatile, however 
upon irradiation the surface of the oil is heated from the light source.  In addition, the samples in 
the solar simulator are exposed to a current of air that is used to cool the lamp.  The heating and 
air current in the simulator is thought to be the source of the increase in the evaporation of the 
C14-C17 alkanes.  The dark samples are placed in the water bath outside of the solar simulator 
during irradiation.  Since the dark samples are not exposed to the same heating and evaporation 
as the irradiation samples, evaporation is no observed.  To test this theory the temperature of the 
irradiated samples was taken after 65 and 100 minutes of irradiation.  The average temperature of 
the oil’s surface was recorded as 30.9˚C, which indicated that irradiation of the oil caused an 
increase in the surface’s temperature of 3.9˚C.  To study the evaporation of the lower molecular 
weight alkanes, the samples that were normally irradiated were wrapped in aluminum foil to 
block out the light.  GC analysis of the evaporation study oil indicated a decrease in the C14-C17 
alkanes similar to that of the irradiated samples, thus concluding that the loss of the n-alkanes is 
due to evaporation. 
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Figure 4.4.  The GC-FID analysis of oil exposed to irradiation for (a) 3 hours, (b) 6 hours, (c) 12 
hours, and (d) 24 hours with no oxide (■), TiO2 (■), and Fe2O3 (■). 
 
 
 
a b 
c d 
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Table 4.1. The ratio of n-C17 to pristane and n-C18 to phytane over irradiation time in samples without photocatalyst  
Time 
(hours) 
n-C17:pristane n-C18:phytane 
Dark Irradiated Dark Irradiated 
3 0.52±0.01 0.53±0.04 0.40±0.00 0.40±0.01 
6 0.60±0.03 0.63±0.01 0.52±0.15 0.37±0.03 
12 0.50±0.16 0.50±0.09 0.47±0.18 0.49±0.11 
24 0.61±0.00 0.58±0.03 0.38±0.04 0.40±0.04 
Table 4.2. The ratio of n-C17 to pristane and n-C18 to phytane over irradiation time in samples containing photocatalyst
Time 
(hours) 
n-C17:pristane n-C18:phytane 
TiO2 Fe2O3 TiO2 Fe2O3 
Dark Irradiated Dark Irradiated Dark Irradiated Dark Irradiated 
3 0.63±0.00 0.60±0.01 0.63±0.01 0.57±0.06 0.34±0.00 0.36±0.04 0.42±0.04 0.40±0.01 
6 0.65±0.00 0.63±0.01 0.57±0.01 0.62±0.02 0.35±0.00 0.37±0.03 0.39±0.01 0.48±0.00 
12 0.60±0.01 0.60±0.01 0.61±0.03 0.61±0.00 0.39±0.03 0.39±0.02 0.37±0.01 0.42±0.04 
24 0.59±0.01 0.61±0.01 0.61±0.00 0.59±0.03 0.37±0.00 0.42±0.04 0.39±0.02 0.41±0.03 
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The aqueous fraction of the irradiated sample was analyzed to evaluate the toxicity of the 
samples over time.  To examine the toxicity of aqueous samples exposed to the oil with and 
without exposure to simulated sunlight, the emission intensity of the luminescent bacteria, Vibrio 
fischeri, was monitored.   The toxicity of samples is reported as the % effect.  The % effect 
correlates to the decrease in fluorescence of the bacteria that is exposed to the toxin which 
directly related to the amount of test bacteria killed.  Ziolli et al. observed that the toxicity of the 
water soluble fraction of Brazilian crude oil samples with TiO2 increased in comparison to 
samples that did not contain photocatalysts after 1 day of irradiation via high pressure mercury 
lamps.
216
  The toxicity then decreased until 3 days when the samples were no longer toxic.  The 
increase and subsequent decrease in the toxicity were attributed to the formation and destruction 
of degradation intermediates which were more toxic than the parent compounds.  Our studies 
found that after exposing water to oil for 24 hours in the dark, no toxicity was observed for the 
water using Microtox analysis.  The lack of toxicity is likely due to the fact that our oil was 
largely depleted of water soluble species.  Consequently, during the 24 hours exposure, little of 
the oil dissolved in the water and no toxicity was observed.  However, all irradiated samples 
showed substantial toxicity (Figure 4.5).  These results contradict the findings of Ziolli et al. 
because we did not observe a decrease in the toxicity of the samples after 12 hours of irradiation, 
which would equal about 2.72 days of solar irradiation.  The difference between the two studies 
can be attributed to two factors.  First, Ziolli et al. used a mercury lamp which provided 
significantly more UV radiation than sunlight.  Second Ziolli et al. used water soluble fractions 
which should be more readily degraded than the higher molecular weight species used in our 
studies.  The crude oil in our studies was not depleted, allowing for continuous release of 
degradation products over the complete irradiation period. Thus the likelihood of the 
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intermediates being fully degraded during our exposures was highly improbable.  
 
Figure 4.5.  Microtox data of the toxicity of the aqueous layer of the irradiated samples with no 
oxide (■), TiO2 (♦), and Fe2O3 (▲).  % Effect represents the % of bacteria killed during 
incubation for 15min in the sample.  
The increase in toxicity observed in our studies was expected due to the anticipated increase 
in solubility of the degradation products.  Many studies have investigated the products during 
photodegradation of oil.  Hansen et al. studied the photodegradation of thin films of crude oil 
fractions and found that the major products produced were primarily aliphatic and aromatic acids 
in addition to a less significant quantity of alcohols and phenols.
222
  Tjessem and Aaberg 
observed substantial changes in the chemical and physical properties of photodegraded oil.
253
  
Further investigations detected formation of ketones as degradation products.
228, 254
  Thominette 
and Verdu suggested that PAHs are important in radical propagation of chain reactions and that 
phase separation can occur due to insoluble, high molecular weight species formed by 
condensation and polymerization reactions.
206, 255
  These polymers were found to be linear or 
branched and not cross-linked.  In other studies, photosensitized reactions involved in 
photochemical transformations were indicated to be of importance for the degradation of 
otherwise unreactive linear and branched alkanes.
256, 257
  Alkane degradation products were 
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identified to be mostly ketones and alcohols in these explorations.  In more recent work, a 
number of benzothiophene photooxidation products were identified.
258
  
Samples irradiated for 3 and 6 hours containing photocatalysts showed lower toxicity 
compared to the samples that contained no oxide. The fluorescence results for TiO2 samples 
irradiated for 3 hour indicated an increase in the degradation rate in comparison to that of the no 
oxide and the Fe2O3.  With this in mind, it is theorized that the TiO2 would have higher 
concentration of aqueous degradations products, thus the toxicity samples would be higher than 
that of the no oxide and the Fe2O3, which is not observed.  In addition, degradation of samples 
with Fe2O3 and no oxide are almost identical, thus the toxicities should be identical, which again 
is not observed.  A plausible explanation for the differences in the patterns could be attributed to 
possible different degradation pathways.  In addition, it is conceivable that the degradation 
products could be attaching to the photocatalysts in the oil layer, which will inhibit the number 
of degradation products in the aqueous phase.  After the samples were exposed for 24 hours of 
irradiation, all the aqueous samples had similar toxicity.  
Conclusion 
 The photolytic and photocatalytic degradation of surface oil from the Deepwater Horizon 
oil spill was studied in this chapter.  PAH concentrations decreased over irradiation time up to 24 
hours.  In comparison to small and medium PAH, larger PAH exhibited an increase in 
degradation.  Identical degradation rates were observed for Fe2O3 and no oxide samples.  After 3 
hours of irradiation, lower percent of PAH remaining was observed for samples containing TiO2; 
however after 6 hours the same extent of degradation was observed for samples with and without 
photocatalyst.  Loss of C14-C17 alkanes was observed over irradiation time; however the ratios 
of branched to linear alkanes indicate loss is not attributed to photodegradation.   Further studies 
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concluded the loss of linear alkanes was due to evaporation.  While the surface only samples was 
not toxic, the toxicity of the irradiated samples increased over irradiation time.  After 3 and 6 
hours of irradiation lower toxicities were observed for samples containing photocatalyst; 
however after 24 hours of irradiation equal toxicities were observed for all samples. 
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CHAPTER 5 
 
PHOTOLYTIC AND PHOTOCATALYTIC DEGRADATION 
OF CHEMICALLY DISPERSED SURFACE OIL FROM 
THE DEEPWATER HORIZON OIL SPILL 
 
 
Introduction  
During the Deepwater Horizon oil spill, dispersants were employed in efforts to clean up 
the oil.  It is reported that from May 15, 2010 to July 12, 2010 1.85 million gallons of dispersants 
were used.
156
  Not only was this the largest application of dispersants to date, it was also the first 
application of dispersants applied to the oil at the well head.  Over 0.77 million gallons of 
dispersant were applied at the well head and 1.07 million gallons were applied to the water 
surface.  Of the 20 EPA approved dispersants, BP chose Corexit EC9527A and Corexit 
EC9500A.
171
  Corexit EC9527A was applied on the Gulf’s surface, while Corexit EC9500A was 
applied both at the well head and on the surface.  Both dispersants contain an anionic surfactant, 
dioctyl sodium sulfosuccinate, and propylene glycol.
172, 173
  The differences in the two 
dispersants is the solvent used: Corexit EC9500A contains hydrotreated light petroleum 
distillates while Corexit EC9527A contains 2-butoxyethanol, which has been shown to be an 
endocrine disruptor.
259
 
Numerous studies have been conducted on the biodegradation of oil or components of oil 
containing dispersants.
168, 169, 260
  Fought et al. studied the biodegradation of sulfur heterocyclics 
and n-alkanes with Corexit EC9527A.
202, 203
  In their studies it was observed that the degradation 
was dependent on the dispersant concentration and the amount of nutrients available.  Zahed et 
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al. studied the biodegradation of crude oil with Corexit EC9500A.
197
  Their studies agreed with 
those of Foght that the degradation of crude oil decreased with low nutrient concentrations and 
the presence of dispersant.  In addition they found that the biodegradation was inversely 
proportional to the initial oil concentration.    Okpokwaski and Odokuma studied the microbial 
degradation of Corexit EC9257A and found that increases in the salinity will decrease the 
degradation rate of the dispersant.
261
 Later studies by this group found that the biodegradability 
of dispersants is dependent on the dispersant composition and that Corexit EC9527A is readily 
biodegraded.
262
 While many studies have been conducted on the effect of dispersants on the 
biodegradation of crude oil, there are no published studies to date that study the 
photodegradation of crude oil exposed to dispersants. 
 There is an abundance of studies that examine the photochemical degradation of crude 
oil; however, in most studies the researchers used mercury lamps.  Yang et al. has compared the 
degradation of crude oil with both a mercury lamp and natural sunlight.  In these studies it was 
observed that the mercury lamp degraded the crude oil at a faster rate due to the high intensity 
and the ability to emit light at lower wavelengths in the ultraviolet range.
263
  Additionally, 
similar results were reported by D’Auria et al. on the photodegradation of crude oil with mercury 
lamps and natural sunlight.  Few studies have been conducted using natural sunlight or xenon 
lamps which have similar emission of light to that of the sun.  Tjessem and Aaberg studied the 
changes in the oxygen uptake by petroleum residues in marine environments with exposure to 
natural sunlight.
264
  In their studies elemental analysis concluded that oxygen uptake by the oil 
residues drastically increased.  Furthermore, Nicodem et al. studied the photodegradation of 
Brazilian intermediate crude oil by natural sunlight.
243
    After 100 hours of irradiation elemental 
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analysis indicated no increase in the oxygen content of the oil layer, however hydroxyl groups 
and carbonyl or carboxyl groups were observed in the infrared data of the aqueous layer. 
This chapter examined the photodegradation of Deepwater Horizon surface oil with 
dispersants present.  Photolysis studies were conducted with and without Corexit EC9527A and 
Corexit EC9500A.  Similar to studies conducted in Chapter 4, dispersant-oil studies were carried 
out with and without the photocatalyst TiO2.  Fluorescence and GC-FID analysis were used to 
evaluate the degree of PAH and alkane photodegradation.  To evaluate the toxicity of the 
aqueous layer, Mircotox analysis was utilized. 
Experimental Materials and Methods  
Crude oil and water samples were collected on May 26, 2010 at N 28
○
 48.316, W 89
○
 
07.949, which is approximately 47 miles northwest of the Deepwater Horizon spill site.  Oil 
samples collected were thick and dark brown.  The water samples were collected from a nearby 
area in the Gulf of Mexico that was not visibly contaminated with oil.  After collecting, the water 
samples were filtered through 0.2 µm polycarbonate filters to sterilize the water and were 
subsequently stored at 4 ºC.    
Dichloromethane (DCM) and toluene were OmniSolv ultra high purity obtained from 
EMD.  HPLC solvent grade pentane was obtained from J.T. Baker.  Titanium (IV) oxide 
(anatase, nanopowder, < 25 nm, 99.7%) was obtained from Aldrich. Corexit EC9500A and 
Corexit 9572 were obtained from Nalco.  Microtox diluent, osmotic adjusting solution, 
reconstitution solution, and acute reagent were obtained from SDIX.  
To reduce the hydrophiliciy of the TiO2 nanoparticles and to make them more readily 
disperse in the oil, the photocatalysts were coated with stearic acid.  Stearic acid coating was 
achieved by sonicating the oxide in an ethanol solution of steric acid (0.353 mM).  After 
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sonication the sample was centrifuged, the ethanol was removed, and the coated oxide particles 
were dispersed in toluene.   
Prior to exposure to simulated sunlight, 100 mg of crude oil was weighed and dissolved 
in a mixture of pentane and toluene (20:1). For samples treated with TiO2 and/or dispersant, the 
photocatalyst and/or dispersant were added to the resulting mixture.  The mixture was then 
sonicated to fully distribute the oil, dispersant and photocatalyst.  The mixture was then poured 
onto the surface of 10 of mL Gulf water in a 150 mL water-jacketed beaker (5 cm i.d.). The 
sample was kept uncovered for 5 minutes to allow the pentane and toluene to evaporate.    After 
drying the samples were exposed to 765 W/m
2
 solar simulated light (Atlas Suntest CPS+ 
equipped with a 1500 W air cooled xenon arc lamp).  Solar simulator intensity accounts for 
irradiations in the 300-800 nm range and not the full spectrum.  During irradiation, the tops of 
the jacketed beakers were covered with a piece of quartz glass, and the samples were kept at 27 
°C by circulating thermostated water through the jacketed beakers.  After irradiation the samples 
were either extracted with DCM for GC-FID and fluorescence analysis, or the aqueous layer was 
taken for Microtox analysis. 
Oil extracts were analyzed on a Hewlett-Packard Agilent 6890 GC coupled to an auto 
sampler with a flame ionization detector and a 30 m × 0.32 mm (i.d.) AT-1 capillary column.  
The injector and detector temperatures were set to 300 °C and 350 °C, respectively, and the 
temperature programming was as follows: 80 °C held for 1 minute, ramp at 15 °C/min until a 
final temperature of 320 °C which was held for 15 minutes. 
Fluorescence excitation-emission matrices and synchronous scans were collected with a 
PerkinElmer LS 55 luminescence spectrometer.  Synchronous scans on the diluted oil extracts 
were collected from 250 to 500 nm with a delta lambda of 25 nm and excitation and emission 
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slits set to 2.5 and 5.0 nm, respectively.  Excitation-emission matrix scans were collected with an 
emission range from 300 to 600 nm and with excitation starting at 200 nm and incrementing 
every 5 nm until 400 nm.  Excitation and emission slits were both set to 5.0 nm.  
Microtox analysis was performed using a Microtox 500 analyzer (SDIX).  The protocol 
used to analyze the toxicity of the water exposed to the oil was the comparison test for marine 
and estuarine samples.  For each day Microtox was used, the basic test was run on phenol or zinc 
sulfate standards to ensure proper function of the Microtox analyzer and procedure. 
Results and Discussion 
 The physical changes of the surface oil were visually recorded over time, Figures 5.1 and 
5.2.  After the oil-dispersant mixture was dried on the gulf water surface, the oil film had a 
rippled appearance.  These ripples were not observed in previous studies performed on the 
surface oil without Corexit present (Chapter 4).  In addition, samples with dispersant present did 
not exhibit the leathery and cracked appearance that was seen previously until after 12 hours of 
exposure.   However, after 24 hours of irradiation little oil was observed on the surface of the 
aqueous layer.  
 
Figure 5.1. Appearance of surface oil with Corexit EC9500A as a function of irradiation time 
(from left to right): before irradiation, and after 3 hours, 6 hours, 12 hours, and 24 hours of  
irradiation 
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Figure 5.2. Appearance of surface oil with Corexit EC9527A as a function of irradiation time 
(from left to right): before irradiation, and after 3 hours, 6 hours, 12 hours, and 24 hours of  
irradiation 
 Trudel et al. have investigated the effectiveness of dispersants on difference crude oils 
deposited on an aqueous surface.
176
  In their studies the dispersibility of Corexit EC9500A was 
measured as the percent of oil recovered after 30 minutes of breaking wave action to mimic sea 
like conditions.  To further confirm that the oil was being dispersed into the aqueous layer, the 
oil concentration and oil droplet size were measured in the aqueous layer.  Trudel et al. studies 
concluded that the dispersants were only partially effective at viscosities of 2,500-18,690 cP and 
was ineffective at viscosities over 18,690 cP.  In our studies oil was visually seen in the aqueous 
layer; however, the extent of the dispersed oil appeared minor.  It is clear from the oil’s thick 
molasses like texture that the surface oil that was used in our studies was of high viscosity, thus 
dispersant was not fully effective.   
  Fluorescence analysis of the DMC extracts of the irradiated oil samples was performed to 
analyze the change in the polycyclic aromatic hydrocarbon (PAH) concentration.  Synchronous 
scans have been shown to be beneficial for the analysis of complex PAH mixtures.
265
  Previous 
studies on PAH mixtures have shown the advantages of synchronous scans, in particular the 
ability of wavelength regions to be sectioned based on the sizes of the PAH.
205, 207
  In general 
larger PAHs emit at longer wavelengths, while smaller PAH emit at shorter wavelengths.  Based 
on this theory, the synchronous scan data has been separated and a wavelength has been chosen 
form each section as representative of the fluorescence for a range of PAH sizes.  Figure 5.3 and 
5.4 represent the degradation of the three different sizes of PAHs (small, medium and large) over 
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irradiation time.  Studies conducted in Chapter 4 on the degradation of surface oil without 
dispersants indicated that large molecular weight PAHs degraded faster than smaller PAHs.  
With dispersants, only a slight increase in degradation was observed for the higher molecular 
weight PAH than the small PAHs.  In contrast to our studies without dispersants, samples that 
contained dispersant had a decrease in the degradation of PAHs.     
Synchronous scan data for most of the irradiated data indicate statistically equivalent 
degradation for samples with and without photocatalyst with their respective dispersant.  There 
were only two deviations from uniform degradation: 12 hour irradiated Corexit EC9500A data 
and 6 hour Corexit EC9527 data.  The TiO2 Corexit EC9500A samples for the 12 hour 
irradiation exhibited an increase in degradation in comparison to the no oxide samples.  In 
contrast increase in the degradation was observed for the no oxide Corexit EC9527A sample in 
comparison to TiO2 samples after 6 hours of irradiation.  Similar extents of degradation are 
observed after 3 hours of irradiation for both dispersant; however after 6 and 12 hours of 
irradiation increase in degradation of all sizes of PAHs are observed for Corexit EC9500A over 
Corexit EC9527A.  In contrast, after 24 hours of irradiation lower percentages remaining are 
observed for Corexit EC9527A than Corexit EC9500A. 
 To measure the total PAH concentrations, the oil samples were analyzed via excitation-
emission scans.  To simplify the analysis of the excitation emission spectra, the largest peak from 
the 3-dimensional graph was chosen and the emission data were graphed over the course of the 
irradiation time, Figure 5.5.  Degradation of the total PAHs emission was lower than our s 
studies in Chapter 4 without dispersants present.  This decrease is similar to the decrease that 
was observed in the synchronous scans.  For both the samples without photocatalyst and samples 
with TiO2, there is a trend that Corexit EC9527A has a lower extent of degradation for the 
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samples irradiated for 3 hours than those for Corexit EC9527A.  After 6 hours of irradiation the 
degradation pattern was reverse for the no oxide samples in that Corexit EC9527A had the lower 
percent remaining.  After 12 hours of irradiation the total PAH concentration was similar for the 
6 hours of irradiation for both of the dispersants.  After 12 hours the degradation for the samples 
with and without photocatalyst was almost identical. 
Overall, the photodegradation of PAHs decreased with dispersants present in comparison 
to our studies in Chapter 4 without dispersants.  Possible reasons for this decrease may be due to 
the dispersants ability to increase the solubility of the PAH in the aqueous layer.  This in turns 
changes the environment of the oil, thus in return changing the reactivity of the oil.  In addition, 
dispersants added to the system can act as scavenger, thus reducing the PAH photooxidation.   
Previous studies on alkane degradation suggest that n-alkanes are resistant to direct 
photolysis; therefore the photodegradation of n-alkanes must occur though indirect photolysis.
266-
268
  Studies have found that n-alkanes will only undergo photodegradation when a 
photosensitizer is present
238, 269
.  Common photosensitizers in these studies were PAH alcohols 
and quinones, which are ordinary photooxidation products of PAHs.  In addition, studies have 
found that alkyl-substituted alkane photodegradation is more probable than n-alkane 
photodegradation due to the added number of sites for oxidation.
213
  In fact many studies have 
used the ratio of n-heptadecane to pristine and n-octadecane to phytane to detect the degree of oil 
weathering.   
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Figure 5.3.  Synchronous scan of the irradiated samples containing Corexit EC9500A with ∆λ= 
25nm.  The percent remaining of PAH for (a) small (305 nm), (b) medium (326 nm) and (c) large 
(390 nm) molecules with no oxide (■) and TiO2 (■).   
 
 
Figure 5.4.  Synchronous scan of the irradiated samples containing Corexit EC9527A with ∆λ= 
25nm.  The percent remaining of PAH for (a) small (305 nm), (b) medium (326 nm) and (c) large 
(390 nm) molecules with no oxide (■) and TiO2 (■).   
two dispersants.  Lower degradation intensities were seen for the TiO2 samples after 3 hours and  
a b 
c 
a b 
c 
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Figure 5.5.  Percent remaining of  total fluorescence of the DCM oil extracts after irradiation 
with (a) Corexit EC9500A and (b) Corexit EC9527A with no oxide (■) and TiO2 (■).  Excitation 
wavelength= 260 nm and emission wavelength = 375nm.  
 
 GC-FID analysis was performed on the DMC extract to monitor the changes in n-alkane 
concentration over irradiation time, Figures 5.6 and 5.7.  It is evident from the graphs that the 
lower molecular weight n-alkanes decrease in concentration over time with respect to the dark 
control.  However, consistent ratios of n-heptadecane to pristane and n-octadecane to phytane 
over degradation time suggest that photodegradation is not the reason for the decrease in the 
alkane concentrations, Tables 5.1 and 5.2.  Similar to our study, Nicodem et al. studied the 
photochemical weathering of Brazilian crude oil by tropical sunlight.
243
  In their study n-
heptadecane to pristane and n-octadecane to phytane ratio suggested that after 100 hours of 
a 
b 
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irradiation no photochemical transformation occurred to the alkane fraction.  The most feasible 
explanation for the decrease in the alkane concentration in our studies is evaporation of the 
sample over time.  In the solar simulator a current of air is used to cool the exposure chamber.  
This air current can aid in the evaporation of the samples.  The loss was only evident in our 
irradiated samples because unlike our irradiated samples, the dark samples were not placed in the 
solar simulator.   
Numerous studies have been conducted on the effects and toxicity of dispersants.  Since 
the Deepwater Horizon oil studies have examined the effects of Corexit EC9500A on rats.  
Krajnak et al. reported an increase in heart rate and blood pressure and a decrease in 
responsiveness of tail arteries in rats after 1 day of inhalation exposure.
270
  Additionally, Sriram 
et al. observed significant neurological abnormalities in rats days after being exposed to 5 hours 
of inhalation of Corexit EC9500A.
271
   However, Roberts et al. reported no pulmonary 
inflammation in rats after inhalation exposure to Corexit EC9500A.
272
   Hemmer et al. compared 
the toxicity of 8 dispersants, including Corexit EC9500A, approved by the Environmental 
Protection Agency on mysid shrimp and inland silverside. In Hemmer’s studies the toxicity of 
the dispersant, Louisiana sweet crude (LSC) oil, and a dispersant-LSC mixture was evaluated 
and it was reported that Corexit EC9500 was only slightly toxic to the mysid shrimp and was 
practically not toxic to the inland silverside.  
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Figure 5.6.  The GC-FID analysis of oil with Corexit EC9500A exposed to irradiation for (a) 3 
hours, (b) 6 hours, (c) 12 hours, and (d) 24 hours with no oxide (■) and TiO2 (■).   
 
Figure 5.7.  The GC-FID analysis of oil with Corexit EC9527A exposed to irradiation for (a) 3 
hours, (b) 6 hours, (c) 12 hours, and (d) 24 hours with no oxide (■) and TiO2 (■).  
c 
c 
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Table 5.1. The ratio of n-C17 to pristane and n-C18 to phytane over irradiation time in samples containing Corexit EC9527A 
 
n-C17:pristane n-C18:phytane 
Time 
(hours) 
No Oxide TiO2 No Oxide TiO2 
Dark Irradiated Dark Irradiated Dark Irradiated Dark Irradiated 
3 0.78±0.03 0.65±0.08 0.68±0.11 0.67±0.08 0.46±0.01 0.46±0.01 0.45±0.00 0.46±0.01 
6 0.76±0.04 0.68±0.09 0.69±0.12 0.63±0.08 0.45±0.02 0.46±0.00 0.47±0.00 0.47±0.01 
12 0.79±0.02 0.61±0.02 0.61±0.00 0.67±0.08 0.47±0.00 0.46±0.01 0.45±0.00 0.46±0.01 
24 0.68±0.07 0.73±0.03 0.63±0.04 0.71±0.11 0.46±0.03 0.46±0.01 0.46±0.00 0.47±0.00 
 
Table 5.2. The ratio of n-C17 to pristane and n-C18 to phytane over irradiation time in samples containing Corexit EC9500A 
 
n-C17:pristane n-C18:phytane 
Time 
(hours) 
No Oxide TiO2 No Oxide TiO2 
Dark Irradiated Dark Irradiated Dark Irradiated Dark Irradiated 
3 0.83±0.08 0.66±0.09 0.77±0.06 0.70±0.08 0.48±0.03 0.46±0.01 0.45±0.01 0.46±0.01 
6 0.68±0.10 0.70±0.08 0.70±0.11 0.60±0.00 0.45±0.00 0.49±0.06 0.46±0.00 0.46±0.00 
12 0.78±0.07 0.72±0.07 0.60±0.01 0.66±0.06 0.47±0.03 0.46±0.01 0.45±0.02 0.46±0.01 
24 0.76±0.01 0.72±0.04 0.78±0.01 0.66±0.08 0.46±0.01 0.46±0.01 0.47±0.01 0.47±0.00 
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The toxicity of the photodegradation products were tested via Microtox analysis.  Before 
the irradiated samples were tested, toxicity studies were conducted on the toxicity of irradiated 
dispersant samples without oil present, Figure 5.8.  From the results it is evident that irradiation 
of the dispersants does not change toxicity, however the dispersants alone kill 35% of the test 
bacteria after 3 hours of exposure.  After 6 hours of exposure to the dispersants, the toxicity of 
the gulf water are equal to the 3 hour irradiated samples for both the dark and irradiated samples.  
 
 
Figure 5.8.  Microtox data of the toxicity of the aqueous layer of the dark (♦) and irradiated 
samples containing Corexit EC9500A (■) Corexit EC9527A (▲) without surface oil. Results 
displayed were outcome from the comparison test for marine samples 
 
Figure 5.9 shows the toxicity of the irradiated surface oil samples with dispersants.  
Comparable to our previous studies in Chapter 4 without dispersant, the toxicity of the irradiated 
samples increased over time, which is due to the increase in toxic water soluble degradation 
products.  In our previous studies without dispersant, toxicities after 3 hours of irradiation were 
50% and 34% for the no oxide and TiO2 samples, respectively.  In our current studies with 
dispersants, after 3 hours of irradiation of oil with Corexit EC9527A, 80% of bacteria exposed to 
the aqueous fraction were killed and 75% were killed with TiO2 present.   For oil with Corexit 
EC9500A irradiated for 3 hours, 76% of bacteria exposed to the aqueous fraction were killed and 
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66% were killed with TiO2 present.  In contrast to our previous studies in Chapter 4, the no oxide 
and TiO2 irradiated samples exhibited similar toxicities with both dispersants.  After 24 hours of 
irradiation 100% of the test bacteria were killed with both dispersants, while an 82-91% effect 
was observed for studies without dispersant present.  Differences in the values for the toxicity of 
the samples with and without dispersants are attributed to the dispersants’ toxicity.  The toxicity 
of the surface oil and dispersant were found not have an additive effect since the toxicity 
expected toxicity of the irradiated mixture was lower than sum of the toxicity of the oil and 
dispersant individually; however, the difference in the experimental value verses the expected 
value can be attributed to a small amount of the dispersants being confined in the oil film.  These 
observations were similar to the findings in studies by Hemmer et al. in that the Louisiana sweet 
crude (LSC) oil  was more toxic the Corexit EC9500A, however the Corexit EC9500A-LSC was 
less toxic than the and the LSC.
178, 185
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Figure 5.9.  Microtox data of the toxicity of the aqueous layer of the surface oil irradiated 
samples containing (a) Corexit EC9500A and (b) Corexit EC9527A with no oxide (■) and TiO2 
(■).    Results displayed were outcome from the comparison test for marine samples 
 
Conclusion 
 Photodegradation of chemically dispersed Deepwater Horizon surface crude oil was 
studied.  Unlike the results in Chapter 4, the larger PAH did not degrade faster than the small and 
medium PAH.  In addition, chemically dispersed samples exhibited a lower extent of degradation 
in comparison to the non-dispersed samples in Chapter 4.  Decreases in the degradation of the 
chemically dispersed oil in comparison to the non-dispersed oil were likely to be attributed to the 
increase in the solubility of the oil, thus changing the environment and the reactivity of the oil. 
Furthermore, the dispersant added can act as a scavenger of the reactive species thus reducing 
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degradation.  PAH degradation of samples containing TiO2 and Corexit EC9500A increase up to 
12 hours; however minute changes were observed for the degradation of samples with Corexit 
EC9527A and no oxide samples with Corexit EC9500A up to 12 hours of irradiation.  After 24 
hours of irradiation, similar extents of degradation were observed for samples with and without 
photocatalyst.   Similar to the surface only studies in Chapter 4, loss of C14-C18 alkanes was 
observed, however linear to branched alkane ratios indicate that the loss was not due to 
photodegradation but to evaporation.  Toxicity studies found that dispersant alone killed 35% of 
the test bacteria.  Increases in toxicities were observed over irradiation time for chemically 
dispersed surface oil, with 100% of the test bacteria killed after 24 hours of irradiation.   
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CHAPTER 6 
 
PHOTOLYTIC AND PHOTOCATALYTIC DEGRADATION OF 
OIL FROM THE MACONDO WELLHEAD WITH AND 
WITHOUT DISPERSANTS 
  
Introduction 
Crude oil is a multicomponent mixture that varies depending on the geographical location 
of the oil source.
162
  Components of crude oil include hydrocarbons, metals, and polar 
compounds.  Hydrocarbons are the most abundant portion of the oil and are comprised of 
paraffins, isoparaffins, cycloparaffins, aromatics, and olefins.  Paraffins, isoparaffins, and 
cycloparaffins are classified as saturated hydrocarbons and account for a large portion of the oil.  
The aromatic portion consists of monocyclic and polycyclic aromatic hydrocarbons (PAHs).  
Depending on the source of the oil, PAHs can constitute 0-60% of the oil’s components.  Polar 
fractions include hydrocarbons that contain sulfur, oxygen, or nitrogen.  These fractions and the 
metal fraction account for only a minute portion of the oil.   
There are many physical processes that occur during the weathering of oil released into 
the environment, including dissolution, mixing, absorption, and evaporation.  In addition, oil 
released into the environment undergoes chemical transformations via biodegradation and 
photodegradation.  Previous studies on the biodegradation of crude oil have been shown to be 
beneficial to the degradation of alkanes.
168, 202, 234
  However, studies have observed that the rate 
of biodegradation is dependent on the availability of the nutrients in the surrounding 
environments.
200, 201, 203
  Nutrient deficient waters such as the Gulf of Mexico are limited by the 
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nutrient availability, thus biodegradation of contaminated sites can be very lengthy.   
Furthermore, larger molecular weight compounds, including PAHs and alkanes, are resistant to 
biodegradation, thus alternative methods are needed for degradation to occur.   
Photodegradation has shown promise for degradation of compounds resistant to 
biodtransformation.  Numerous studies have been conducted on the photodegradation of crude 
oil.
205, 243, 273
  In some of these studies the oil was fractionated before exposure, which limited the 
interactions with other chemical species.
213, 216, 240
  Additionally, studies have been conducted 
using improper irradiation sources, such as mercury lamps.
210, 222, 274
  These irradiation sources 
do not accurately represent the solar spectrum.  Studies have identified that spectral limitations 
and increased irradiation intensities have resulted in different rates of photodegradation in 
comparison to natural solar irradiation.
238, 275
   
To enhance the photodegradation of oil, photocatalysts have been added.  Previous 
studies have examined the photodegradation of oils using titanium dioxide (TiO2) as a 
photocatalyst.
239, 242, 276
  Studies by Nair et al. observed that without a photocatalyst, only PAHs 
that absorb in the near UV and visible ranges were degraded.
217
  When a photocatalyst was 
added to the system, not only was an increase in degradation of the PAHs was observed, but also 
degradation of the oxidative products produced during photodegradation was observed.  Ziolli et 
al. examined the photodegradation of the oil’s water soluble fraction with and without TiO2.
216, 
220
  In these studies increase in photodegradation was reported with a photocatalyst present.  In 
addition, complete removal of the aromatic fraction was reported after 6 hours of irradiation with 
TiO2.   
In this chapter, we investigated the photolysis of oil collected directly from the Macondo 
wellhead.  Similar to studies conducted in Chapter 5 on surface oil, studies were conducted with 
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source oil that was chemically dispersed with the dispersants used in the Deepwater Horizon oil 
spill, Corexit EC9500A and Corexit EC9527A.  Comparable to the surface oil of studies of 
Chapter 4, the aforementioned studies were conducted with and without TiO2 as photocatalyst.  
To quantitate the degradation over irradiation time, GC and fluorescence were used.  
Additionally, Microtox was utilized to measure the toxicity of the aqueous layer of the irradiated 
samples.   
Experimental Materials and Methods  
Crude oil for irradiations was acquired from British Petroleum (BP).  The oil obtained was 
collected from the Deepwater Horizon wellhead.  Water samples were collected September 9, 
2011 by Dr. Thomas Soniat from the Gulf of Mexico (Lake Jean Robin) at N 29
○
 43.801, W 89
○
 
36.248.  After collection the water samples were filtered through 0.2 µm polycarbonate filters to 
sterilize the water and were subsequently stored at 4 ºC.    
Dichloromethane (DCM) and toluene were OmniSolv ultra high purity obtained from EMD.  
HPLC solvent grade pentane was obtained from J.T. Baker.  Titanium (IV) oxide (anatase, 
nanopowder, < 25 nm, 99.7%) was obtained from Aldrich. Corexit EC9500A and Corexit 9572 
were obtained from Nalco.  Microtox diluent, osmotic adjusting solution, reconstitution solution, 
and acute reagent were obtained from SDIX.  
Prior to exposure to simulated sunlight, 120 μL of crude oil was added to 10 mL of sea 
water in a 150 mL water-jacketed beaker (5 cm i.d.).  For samples treated with TiO2 and/or 
dispersant, the photocatalyst and/or dispersant were added to the oil prior to depositing on the sea 
water and 125 μL of the mixture was added to the sea water.  After depositing the sample on the 
water, the samples were exposed to 765 W/m
2
 solar simulated light (Atlas Suntest CPS+ 
equipped with a 1500 W air cooled xenon arc lamp).  Solar simulator intensity accounts for 
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irradiations in the 300-800 nm range and not the full spectrum.  During irradiation, the tops of 
the jacketed beakers were covered with a piece of quartz glass, and the samples were kept at 27 
°C by circulating thermostated water through the jacketed beakers.  After irradiation the samples 
were either extracted with DCM for GC-FID and fluorescence analysis, or the aqueous layer was 
taken for Microtox analysis. 
Oil extracts were analyzed on a Hewlett-Packard Agilent 6890 GC coupled to an auto 
sampler with a flame ionization detector and a 30 m × 0.32 mm (i.d.) HP-1 capillary column.  
The injector and detector temperatures were set to 300 °C and 350 °C, respectively, and the 
temperature programming was as follows: 80 °C held for 1 minute, ramp at 15 °C/min until a 
final temperature of 320 °C which was held for 8 minutes. 
Fluorescence excitation-emission matrices and synchronous scans were collected with a 
PerkinElmer LS 55 luminescence spectrometer.  Synchronous scans on the diluted oil extracts 
were collected from 250 to 500 nm with a delta lambda of 25 nm and excitation and emission 
slits set to 2.5 and 5.0 nm, respectively.  Excitation-emission matrix scans were collected with an 
emission range from 300 to 600 nm and with excitation starting at 200 nm and incrementing 
every 5 nm until 400 nm.  Excitation and emission slits were both set to 5.0 nm.  
Microtox analysis was performed using a Microtox 500 analyzer (SDIX).  The protocol 
used to analyze the toxicity of the water exposed to the oil was the comparison test for marine 
and estuarine samples.  For each day that Microtox analysis was performed, the basic test was 
run on phenol or zinc sulfate standards to ensure proper function of the Microtox analyzer and 
procedure. 
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Results and Discussion 
 The composition of the source crude oil obtained by BP was different then the oil that 
was collected from the surface of the Gulf of Mexico used in our previous studies.  Physically 
the oil that was obtained from the surface in Chapter 4 and Chapter 5 was thicker and had a 
molasses like fluidity.  The source oil from BP was almost as fluid as water and in comparison to 
the surface oil had a stronger, pungent smell.  The source oil formed a uniform layer without 
solvents when deposited on the surface of water; however, the surface oil clumped on the surface 
and would not form a layer unless solvents were added.  Additionally, when the dispersants were 
added to the samples, the source oil mixed freely without any additional agitation.  In 
comparison, the surface oil stayed together as a large mass when dispersants were added to the 
surface and little oil was visually dispersed into the aqueous layer.  Dispersion of the source oil 
into the aqueous fraction reduced the amount of oil on the surface.  Reduction in the amount of 
the source oil on the surface resulted in an increase in the evaporation of the water that would 
otherwise be covered by an intact oil film.  Complete evaporation of the aqueous phase was 
observed for the 24 hour samples with photocatalyst, thus these samples were eliminated from 
this study.  
During the extraction procedure, the unirradiated source oil samples did not form 
emulsions when mixed with DCM, however all samples of the surface oil did form emulsions 
during extraction with DCM.  Previous studies have observed emulsification of weathered oil 
samples as oxidation products are produced.
187, 188
  The formation of the emulsions with the dark 
samples suggests that the surface oil samples were weathered prior to collection and that 
oxidation had already occurred prior to collection of the surface oil samples.   
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 In addition to the differences in physical characteristics, some differences were also 
observed for the chemical compositions.  Comparison of the fluorescence data between the two 
oils indicates that the PAH components did not change during the weathering processes.  These 
results were expected since the PAH are not likely to undergo dissolution or biodegradation 
processes. Evaporation of the aromatics fractions does occur, but fluorescence of the volatile 
compounds are minor in comparison to highly fluorescent PAHs like pyrene.  PAHs readily 
undergo phototransformations, however lack of differences in the PAH components suggest little 
to no photodegradation of the collected samples occur.  In addition, differences were observed in 
the GC-FID chromatograms, Figure 6.1.  The source oil contained peaks from 1.5 minutes to 5.8 
minutes that were not present in the surface oil samples.  Peaks in this region of the 
chromatogram were likely lost due to evaporation of the sample as it traveled to the collection 
site.  Previous laboratory studies have confirmed the loss of alkanes up to C15 due to 
evaporation.
191, 192
  In addition to the loss of the lower molecular weight alkanes, increases in the 
humped portion of the chromatograph, also known as the unresolved complex mixture (UCM), 
were observed.  Increases in the UCM have been previously reported for weathered crude oils.
205
 
Previous studies have analyzed non-fractionated crude oil via fluorescence.  In these 
studies synchronous scans were utilized to analyze the different molecular weight PAHs in a 
single fluorescence scan.
248, 265, 277-279
  Different ranges in the synchronous scans have been 
identified to correlate to the different size PAHs with the smaller PAHs emitting at shorter 
wavelengths and the larger PAHs emitting at longer wavelengths.
205, 207
  Based on these reports 
the synchronous scans were sectionalized and a wavelength was taken from each section to 
represent the small, medium, and large PAHs.  Figures 6.2-6.4 show the synchronous scan data 
of the source oil samples.  Higher extent of degradation was observed for the larger molecular 
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weight PAHs without dispersant present, Figure 6.2.  Similar to our observations, Saeed et al. 
reported increase in the degradation of higher molecular weight PAHs in comparison to lower 
molecular weight PAHs at similar irradiation intensities.
280
  With the no dispersant samples, 
degradation without TiO2 increased over the irradiation time; however, with TiO2 present, no 
further degradation was observed during the 6 to 24 hour irradiation period.  After 3 hours of 
irradiation, percent remaining differences were not observed between the no oxide and TiO2 
samples; however after 6 hours of irradiation the TiO2 showed a slight decrease in the percent 
remaining in comparison to the no oxide samples.  This pattern is reversed after 24 hours of 
irradiation in that the no oxide samples have a lower percent remaining. 
In contrast to the no dispersant samples, larger PAHs did not degrade faster than the 
smaller and medium PAHs for samples with Corexit EC9500A present, Figure 6.3.  A decrease 
in the percent remaining was observed over the irradiation times for both the no oxide and TiO2 
containing samples.  Samples with TiO2 exhibited increased degradation compared to the no 
oxide samples after 3 hours of irradiation; however, after 6 hours of irradiation similar extent of 
degradation was observed with or without the oxide present.  Similar to the no dispersant 
samples, for samples containing Corexit EC9527A, larger PAHs showed more degradation than 
smaller PAHs.  Minute differences in the percent remaining were observed for samples 
containing both TiO2 and Corexit EC9527A over irradiation times, however over the irradiation 
time increases in degradation was observed for samples without photocatalyst up to 12 hours.  
Between 12  and 24 hours of irradiation little difference in degradation was evident in no oxide 
samples. 
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Figure 6.1.  Gas chromatogram of (a) source and (b) surface oils.  Surface oil sample was spiked with dodecane as an internal 
standard. 
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Figure 6.2.  Synchronous scan of the irradiated samples containing no dispersant with ∆λ= 25nm.  
The percent remaining of PAH for (a) small (305 nm), (b) medium (326 nm) and (c) large (390 
nm) molecules with no oxide (■) and TiO2 (■).  
 
Figure 6.3.  Synchronous scan of the irradiated samples containing Corexit EC9500A with ∆λ= 
25nm.  The percent remaining of PAH for (a) small (305 nm), (b) medium (326 nm) and (c) large 
(390 nm) molecules with no oxide (■) and TiO2 (■). TiO2 samples for 24 hour irradiation were 
not reported due to evaporation of the aqueous layer. 
115 
 
 
Figure 6.4. Synchronous scan of the irradiated samples containing Corexit EC9527A with ∆λ= 
25nm.  The percent remaining of PAH for (a) small (305 nm), (b) medium (326 nm) and (c) large 
(390 nm) molecules with no oxide (■) and TiO2 (■).  TiO2 samples for 24 hour irradiation were 
not reported due to evaporation of the aqueous layer. 
 Similar to the non-dispersed surface oil samples in Chapter 4, increase in the 
photodegradation of large molecular weight PAHs was observed for the non-dispersed source oil 
samples.  In comparison to surface oil samples, source oil no oxide non-dispersed samples have a 
higher percent remaining for the small and medium molecular weight PAHs and similar percent 
remaining for larger PAHs.  Higher percent remaining was observed for the non-dispersed TiO2 
source oil samples than surface oil samples in Chapter 4.  Higher percent remaining for the 
source oil can be attributed to the source oil having more components in the oil, some that may 
be more photochemically active.  Surface oil samples studied in Chapter 5 containing Corexit 
EC9500A and no oxide had higher initial rates of degradation than the source oil samples; 
however after 24 hours of irradiation similar depletion of PAHs were observed.  For source oil 
samples with both photocatalyst and Corexit EC9500A, lower rates of degradation were 
observed.  Source oil samples with Corexit EC9527A but no oxide had a higher percent 
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remaining than the surface oil samples in Chapter 5 for the small and medium PAHs, though 
similar percent remaining were observed for larger PAHs.  Source oil samples containing both 
TiO2 and Corexit EC9527A had higher degradation rates than surface oil samples with TiO2 and 
Corexit EC9527A.  
 In addition to the synchronous scans, excitation emission matrix scans were collected to 
analyze the total fluorescence of each sample.
249-251
  With an excitation emission matrix, 3 
dimensional graphs of the emission of the sample over different excitation wavelengths were 
constructed.  Similar to previous studies, one excitation and emission wavelength was chosen to 
represent the overall fluorescence of the sample.
252
  Excitation and emission wavelengths were 
chosen that corresponded to the highest peak of the 3 dimensional graph.  Total fluorescence of 
the source oil with no oxide decreased over irradiation time for samples with and without 
dispersant added, Figure 6.5.  After 6 hours of irradiation, no changes were observed in 
degradation for the samples containing TiO2 without dispersants.  A decrease in the total 
fluorescence was observed for samples containing Corexit EC9500A with and without 
photocatalyst as a function of irradiation time.  In comparison to TiO2 samples, increase in 
photodegradation was observed for no oxide samples containing Corexit EC9527A; however 
little difference in the percent remaining was detected for TiO2 samples.  After 24 hours of 
irradiation, lower total fluorescence was observed for no oxide samples that were non-dispersed 
in comparison to dispersed oil samples.   The higher percent remaining for these samples is due 
to the increase solubility of the PAHs in the aqueous phase, thus changing the reactivity of oil.  
In addition, decrease in the degradation is attributed to the scavenging effects of the dispersants. 
After 24 hours of irradiation, the total fluorescence for the source oil without oxide with and 
without dispersants were similar to the respective surface oil samples.  While the minute 
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differences were observed in the 24 hour irradiated samples, initial degradation occurred at a 
slower rate for the source oil samples in comparison to the surface oil samples in Chapter 4 and 
Chapter 5.  For the no oxide source oil samples without dispersants, a lower percent of 
fluorescence was observed after 3 hours of degradation in comparison to the surface oil samples.  
After 6 hours of irradiation, fluorescence for the different oil sources were essentially identical; 
however after 12 hours of  irradiation source oil samples exhibited a lower percent remaining 
then the surface oil samples.  For source oil samples with Corexit EC9500A and Corexit 
EC9527A, higher fluorescence was observed after 3 and 6 hours of irradiation than the surface 
oil samples, however after 12 hours of irradiation fluorescence of the different oils were 
statically indistinguishable.    
With the exception of the 6 hours samples, the total fluorescence of samples containing 
TiO2 and no dispersant were higher in comparison to surface oil samples from Chapter 4.  Like 
the no oxide samples, source oil samples containing TiO2 and Corexit EC9500A had a higher 
percent remaining then the corresponding surface oil in Chapter 5 after 3 hours of irradiation, but 
the fluorescence intensity was equal to that of the surface oil after 12 hours of irradiation in 
comparison to the surface oil samples.  Lower percent remaining was observed for all irradiation 
times for source oil than surface oil samples with TiO2 and Corexit EC9527A. 
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Figure 6.5.  The percent remaining of the DCM oil extracts after irradiation of (a) no dispersant, 
(b) Corexit EC9500A and (c) Corexit EC9527A containing samples with no oxide (♦) and TiO2 
(■).  Excitation wavelength= 260 nm and emission wavelength = 375nm. Chemically dispersed 
TiO2 samples for 24 hour irradiation were not reported due to evaporation of the aqueous layer. 
 
 Previous studies examine the photodegradation of alkanes.  In these studies alkane 
photodegradation was not observed.
240
  However, studies have reported photodegradation of 
alkanes with photosensitizers present in the pollutant matrix.
213, 269, 281, 282
  Additional studies on 
alkanes found that branched alkanes undergo photodegradation more readily then linear alkanes, 
and a ratio comparison can be made of the two to indicate the extent of photodegradation.  
Alkane degradation was analyzed via GC-FID, Figures 6.6-6.8.  For all samples with and without 
dispersants, loss of lower molecular weight alkanes was observed over irradiation time.  For 
samples with dispersants, higher percent remaining were observed for the lower molecular 
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weight alkanes in comparison to samples without dispersant present.  These trends in the alkane 
disappearance are similar to that of the surface oil samples.   
To determine if the loss of the samples was due to photodegradation, the ratios of n-
heptadecane (n-C17) to pristane and n-octadecane (n-C18) to phytane was compared, Tables 6.1-
6.3.  For most of the irradiations the ratio of the linear alkanes to the branched alkanes were not 
statistically different, which suggests that photodegradation was not occurring.  In some 
circumstances the ratios between the dark and the irradiated samples were statistically different.  
A decrease in the ratio of n-heptadecane to pristane was observed for the no dispersant samples 
irradiated for 24 hours.  Decrease in the irradiation ratio represents a decrease in the pristane 
concentration which suggests photodegradation is occurring.  Statistical differences were also 
observed for several of the TiO2 containing samples.  For these samples, increases in the ratios 
were observed for the irradiated samples over the dark samples.  Increasing ratios suggest that 
the linear alkanes were degrading more than the branched alkanes.    Alkanes are not readily 
photodegraded due to the lack of ability to absorb light; however photocatalyst in the system 
absorb the light.  The light absorbed by the photocatalyst produces an electron-hole pair that can 
react with water to produce hydroxyl radical or with oxygen to produce a superoxide radical.  
The hydroxyl radical and superoxide radicals can react with the alkanes to produce oxidized 
species.  The increase in the n-C17/pristane and n-C18/phytane ratios for the TiO2 samples and 
not the no oxide samples suggest that photocatalytic degradation is occurring.  Linear to 
branched alkane ratio statistical differences were not observed for all of the TiO2 samples.  Crude 
oil contains an assortment of compound in the system that are each activated differently by 
photolysis.  Variations in the branched to linear alkane ratios suggest different photochemical 
processes are occurring.    
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Figure 6.6.  The GC-FID analysis of oil without dispersant exposed to irradiation for (a) 3 hours, 
(b) 6 hours, (c) 12 hours, and (d) 24 hours with no oxide (■) and TiO2 (■).  
 
 
Figure 6.7.  The GC-FID analysis of oil with Corexit EC9500A exposed to irradiation for (a) 3 
hours, (b) 6 hours, (c) 12 hours, and (d) 24 hours with no oxide (■) and TiO2 (■).  TiO2 samples 
for 24 hour irradiation were not reported due to evaporation of the aqueous layer. 
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Figure 6.8.  The GC-FID analysis of oil with Corexit EC9500A exposed to irradiation for (a) 3 
hours, (b) 6 hours, (c) 12 hours, and (d) 24 hours with no oxide (■) and TiO2 (■).  TiO2 samples 
for 24 hour irradiation were not reported due to evaporation of the aqueous layer. 
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Table 6.1. The ratio of n-C17 to pristane and n-C18 to phytane over irradiation time in samples without dispersant 
 
n-C17:pristane n-C18:phytane 
Time 
(hours) 
No Oxide TiO2 No Oxide TiO2 
dark irradiated dark irradiated dark irradiated dark irradiated 
3 0.77 ± 0.13 0.76 ± 0.16 0.62 ± 0.03 0.71 ± 0.14 0.45 ± 0.05 0.48 ± 0.00 0.43 ± 0.00 0.48 ± 0.01 
6 0.71 ± 0.13 0.69 ± 0.12 0.59 ± 0.00 0.75 ± 0.11 0.45 ± 0.02 0.49 ± 0.00 0.42 ± 0.01 0.48 ± 0.01 
12 0.78 ± 0.24 0.63 ± 0.03 0.65 ± 0.05 0.73 ± 0.10 0.47 ± 0.02 0.49 ± 0.01 0.46 ± 0.01 0.48 ± 0.01 
24 0.87 ± 0.01 0.68 ± 0.08 0.57 ± 0.04 0.65 ± 0.10 0.48 ± 001 0.48 ± 0.00 0.40 ± 0.06 0.48 ± 0.01 
 
Table 6.2. The ratio of n-C17 to pristane and n-C18 to phytane over irradiation time in samples  with Corexit EC 9500A 
 
n-C17:pristane n-C18:phytane 
Time 
(hours) 
No Oxide TiO2 No Oxide TiO2 
dark irradiated dark irradiated dark irradiated dark irradiated 
3 0.56 ± 0.05 0.59 ± 0.06 0.56 ± 0.03 0.58 ± 0.04 0.45 ± 0.05 0.41 ± 0.02 0.39 ± 0.02 0.40 ± 0.04 
6 0.61 ± 0.07 0.66 ± 0.09 0.57 ± 0.00 0.63 ± 0.08 0.45 ± 0.02 0.47 ± 0.01 0.37 ± 0.00 0.45 ± 0.01 
12 0.55 ± 0.04 0.65 ± 0.09 0.56 ± 0.01 0.60 ± 0.01 0.47 ± 0.02 0.46 ± 0.01 0.38 ± 0.02 0.45 ± 0.01 
24 0.66 ± 0.08 0.71 ± 0.10  0.47 ± 0.01 0.47 ± 0.01    
 
Table 6.3. The ratio of n-C17 to pristane and n-C18 to phytane over irradiation time in samples with Corexit EC 9527A 
 
n-C17:pristane n-C18:phytane 
Time 
(Hours) 
No Oxide TiO2 No Oxide TiO2 
dark irradiated dark irradiated dark irradiated dark irradiated 
3 0.58 ± 0.01 0.62 ± 0.03 0.57 ± 0.02 0.56 ± 0.03 0.45 ± 0.05 0.46 ± 0.02 0.38 ± 0.02 0.38 ± 0.03 
6 0.59 ± 0.00 0.61 ± 0.03 0.58 ± 0.01 0.63 ± 0.07 0.45 ± 0.02 0.46 ± 0.03 0.38 ± 0.02 0.44 ± 0.00 
12 0.60 ± 0.04 0.60 ± 0.01 0.59 ± 0.01 0.59 ± 0.01 0.47 ± 0.02 0.47 ± 0.01 0.42 ± 0.04 0.44 ± 0.02 
24 0.71 ± 0.10 0.66 ± 0.10  
 
0.48 ± 0.01 0.47 ± 0.00  
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Previous studies have identified an array of oxidative products produced though 
photodegradation including alcohols, ketones, aldehydes, carboxylic acids, esters, epoxides, 
phenols, and quinones.
205, 221
  These oxidative products are known to have increased water 
solubility in comparison to crude oil.  Studies have reported that the increased solubility of the 
degradation products increases the number of components in the aqueous phase, thus producing 
increases in the toxicity of the aqueous phase.
268, 283, 284
  Microtox analysis was employed to 
determine the toxicity of the irradiated samples.  Microtox utilizes fluorescent bacteria, Vibrio 
fischeri, to determine the toxicity of the samples.  The toxicity of a sample is reported as the % 
Effect which correlates to the decrease in the fluorescence of the bacteria that has been exposed 
to a potentially toxic sample.  The higher the reported % Effect the more test bacteria that have 
been killed and the increase in toxicity of the samples.   
Minute differences were observed for the toxicity of the dark samples of source oil with 
and without dispersants present which indicates that the dispersants did not increase nor decrease 
the toxicity of source oil, Figure 6.9.  These results contradict previously reported results that the 
mixture of dispersant and oil are less toxic than the oil samples alone.
178, 185
  For the non-
dispersed samples, toxicity increase for both the no oxide and TiO2 samples over irradiation 
time.  After 6 hours of irradiation, the TiO2 samples were slightly less toxic than the no oxide 
sample, but after 24 hours of irradiation equal toxicity was observed, in that 100% of the test 
bacteria are killed.    The no oxide Corexit EC9500A samples increase toxicity over irradiation 
time, resulting in 100% of the test bacteria killed after 24 hours of irradiation.  Only slight 
increases in the toxicity were observed over irradiation time for samples containing Corexit 
EC9500A and TiO2.  Fluorescence of these samples decreased over irradiation time which 
proposes that either (1) the products produced with TiO2 present are less toxic than the products 
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without photocatalyst or (2) degradation of the photodegradation products.  Previous studies 
have observed higher toxicity of photodegraded oil samples with TiO2 after 1 day of irradiation 
compared to samples without catalyst; however after 2 days irradiation no toxicity was observed 
for the TiO2 samples.
216
  The increase in toxicity followed by a drastic decrease suggests that 
with TiO2 present caused an increase in the degradation rates of the photodegradation products.   
Differences in the toxicity of Corexit EC9527A with and without photocatalyst samples were not 
observed until 12 hours after irradiation and these samples exhibited equal toxicities for all 
irradiated samples.  After 24 hours of irradiation the no oxide, Corexit E9527A containing 
samples killed only 92% of the test bacteria.  A decrease in the toxicity of these samples in 
comparison to the non-dispersed and Corexit EC9500A samples can be possibly attributed to the 
degradation of the photooxidation products.   
 
Corexit EC9527A contains 2-butanoxyethanol as a solvent.  Previous studies have found 
2-butanoxylethanol to be an endocrine disruptor.  Since this compound is absent in Corexit 
EC9500A one would expect that samples with Corexit EC9500A would be less toxic than 
samples with Corexit EC9527A.  In contrast to this prediction, source oil with Corexit EC9500A 
samples were found to be more toxic than source oil with Corexit EC9527A.   Decrease in the 
toxicity can be contributed to the lower photodegradation rates with Corexit EC9527A.  The 
lower degradation rates decreases the number of products released, thus decreasing the overall 
toxicity of the samples.   
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Figure 6.9.  Microtox data of the toxicity of the aqueous layer of the irradiated samples 
containing (a) no dispersant, (b) Corexit EC9500A and (c) Corexit EC9527A with no oxide (■) 
and TiO2 (♦).  Results displayed were outcome from the comparison test for marine samples. 
Chemically dispersed TiO2 samples for 24 hour irradiation were not reported due to evaporation 
of the aqueous layer. 
  
Higher toxicity was observed for the source oil dark samples in comparison to the surface 
oil samples previously studied in Chapter 4 and Chapter 5.  Toxicity of the unirradiated surface 
oil samples was not observed due to the fact that the oil samples underwent weathering before 
collection, which depleted the more water soluble and hence more toxic fractions of the oil.  
When the source oil samples were exposed to the aqueous layer, the polar fractions were released 
to the water, thus increasing the toxicity of the unirradiated source oil samples compared to the 
surface oil samples.    In comparison to their corresponding surface oil samples, higher toxicities 
were observed for the source oil samples with no oxide only samples and Corexit EC9500A 
samples with and without photocatalyst; however, after 24 hours of irradiation 100% of the test 
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bacteria were killed in both systems.  After 3 hours of irradiation higher toxicity was observed 
for Corexit EC9500A TiO2 source oil samples than their respective surface oil sample, but in 
these same samples lower toxicities were observed after 6 hours of irradiation.  In comparison to 
the correlating surface oil samples, decreased toxicity of the source oil samples was observed for 
Corexit EC9527A samples with and without photocatalyst present.   
Conclusion 
 In this chapter, the photodegradation of source oil from the Macondo wellhead was 
studied.  Similar to the Chapter 4 and Chapter 5 the surface oil studies, higher extent of 
degradation was observed for the larger PAHs in comparison to the small and medium PAHs for 
the non-dispersed and Corexit EC9527A samples.  Additionally, lower extent of PAH 
degradation was observed for the chemically dispersed source oil in comparison to the 
chemically dispersed surface oil.  Decreases in PAH concentrations were observed for the no 
oxide samples with and without dispersant over irradiation time up to 12 hours of irradiation, 
whereas decrease was only observed for the TiO2 samples with Corexit EC9500A.  Similar to the 
surface oil studies in Chapter 4 and Chapter 5, loss of the C14-C17 alkanes as observed.  
Comparisons of the linear to branched alkanes indicate that most samples did not undergo 
photodegradation.  Unlike the surface oil studies, degradation of the branched alkanes was 
observed for non-dispersed samples without photocatalyst after 24 hours of irradiation.  
Additionally, degradation was also observed for linear alkanes with TiO2 present which reflect 
the importance of the photocatalyst in the degrading compounds resistant to photochemical 
transformations.  Toxicity studies of the non-irradiated source oil samples killed 60% of the 
bacteria.  Addition of dispersants to the non-irradiated source oil samples killed 70% of the 
bacteria.  Similar to the surface oil samples in Chapter 4 and Chapter 5, the toxicity of the 
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irradiated non-dispersed samples and no oxide samples with Corexit EC9500A increased over 
time.  Chemically dispersed samples containing TiO2 exhibited no increase in toxicity over 
irradiation time.   
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Chapter 7 
 
CHEMICAL AND PHYSIOLOGICAL MEASURES ON 
OYSTERS FROM OIL-EXPOSED SITES IN LOUISIANA 
 
Introduction 
The Deepwater Horizon oil spill devastated the Gulf of Mexico ecosystem.  To fully 
understand the effects of the oil spill, short term and long term studies are needed.  Short term 
studies have been conducted on the embryotoxicity of weathered Deepwater Horizon oil.
285
  This 
study observed lethal effects for fertilized duck eggs after 4 days of exposure.  Milroy et al. 
monitored macrofauna PAH concentrations in the Mississippi Sound after the Deepwater 
Horizon oil spill .
286
  Six weeks after the capping of the well head, macrofauna PAH 
concentrations in the Mississippi Sound were found to be as high as 42,620 ppb.  Additionally, 
the National Oceanic and Atmospheric Administration (NOAA) monitored the number of 
stranded cetaceans during and after the oil spill.
287
  In comparison to averages from 2002-2009, 
cetacean strandings have risen 469% during the spill (April-July 2010) and 449% after the spill 
(August 2010-August 2011).  Furthermore, the number of stranded premature, still born, and 
neonatal bottle nose dolphins intensely increased during February (36) and March (30) in 
comparison to pre-spill records (1 and 11, respectively).  In addition to the surge in stranded 
cetaceans, NOAA has observed an increase in the number of stranded sea turtles in 2011.
288
 
Of the marine species, bivalves are thought to be keystone to understanding the pollution 
in marine environments.
289, 290
  Filter feeding allows for contaminant to bioaccumulate in the 
organisms.  Moreover, due the immobility, oysters have been the focus of many studies to fully 
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comprehend the level of contamination.  A previous study compared the level of oil pollutants in 
oysters with those of the surrounding soil.
291
  That study observed that the pollutant 
concentrations were lower than detectable limits in the soil, while the oyster samples indicated 
high levels of contaminants.  In addition, Kumar et al. observed that in some contaminated sites 
the total polycyclic aromatic hydrocarbon (PAH) concentration in oysters was 15 times higher 
than the surrounding soil.
292
  Luna-Acosta et al. studied the effects of oil and chemically 
dispersed oil on oysters.
293
  In their studies they observed a PAH body burden of 2.7 times higher 
for oysters exposed to an oil-dispersant mixture compared to those exposed to oil only.  
In this research we have studied the physical and chemical effects of oyster samples 6 
months after the capping of the Deepwater Horizon well head.  This study has been completed in 
collaboration with Dr. Thomas Soniat and Megan Thorne from the University of New Orleans 
Biology Department.  Dr. Soniat has monitored the physiological changes and has studied the 
presence of Perkinsus marinus (Dermo) infection in the oyster collected.  Our participation in the 
project was to monitor the PAH concentrations in the collected oysters.  The physiological and 
chemical results were compared to correlate the data.  
Experimental Materials and Methods  
Samples were collected by Dr. Soniat from Lake Borgne and Mississippi Sound in 
Louisiana on January 4, 2011.  Position and depth were determined using a Garmin 440S 
Chartplotter/Fishfinder. Shelton and Hunter observed hypoxia in oil contaminated soil samples 
and an increase in hypoxia with thermohaline stratification.
294
  To assess if hypoxia conditions 
are present, top and bottom temperatures, salinities, and oxygen concentrations were measured 
(Yellow Springs Instrument Model 85 T/S/O meter), Table 7.1.  
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Table 7.1. Environmental conditions at oyster collection sites. Area 1 includes the un-oiled 
sites (1-3), whereas Area 2 includes the oiled sites (4-6).
295
 
Area Site 
Bottom 
Temp  
(˚C) 
Bottom 
Salinity 
(ppt) 
Bottom 
Oxygen 
(ppm) 
Top 
Temp 
(˚C) 
Top 
Salinity 
(ppt) 
Top 
Oxygen 
(ppm) 
Depth 
(m) 
1 1 10.5 9.0 10.2 10.5 8.9 9.9 2.9 
1 2 10.4 12.8 9.5 10.5 9.7 10.15 2.9 
1 3 10.5 15.0 9.4 10.4 12.1 10.21 3.2 
2 4 10.9 17.8 9.64 11.3 17.5 9.84 4.3 
2 5 10.6 25.3 9.23 10.6 24.8 9.27 2.3 
2 6 11.2 28.4 9.08 11.1 27.6 8.98 2.8 
 
 
Figure 7.1 is the areas sampled for this study.  There were two areas sampled – an un-
oiled area in Lake Borgne (area 1, stations 1-3) and an oiled area in Mississippi Sound (area 2, 
stations 4-6).  Studies by NOAA indicated that the Mississippi Sound was moderately 
contaminated throughout the duration of the oil spill, Figure 7.1b, and trace levels of oil are still 
currently being detected.  For each station a minimum of 3 or more dredge samples were taken 
until 15 adult sized oysters were retrieved.  The oysters were kept refrigerated overnight.  The 
next day 3 or 4 of the oysters from each site were shucked and the shell length and oysters 
weight was recorded, Table 7.2.  The oysters were then homogenized and frozen until PAH 
analysis.    
For the PAH analysis, the thawed oysters were extracted using the Agilent QuEChERS 
method.  For the QuEChERS method, 15 mL of acetonitrile (EMD, HPLC grade) was added to  
5 g of the homogenized oysters and vortexed for 1 minute.  The QuEChERS salt packet (6 g 
MgSO4, 1.5 g NaC2H3O2) was then added and the mixture was vortex for an additional minute.  
The sample was then centrifuged for 10 minutes at 3000 rpm.  The supernatant was then filtered 
with a 0.2 μm PTFE filter and stored at 4˚C until analysis.   
 
 
For the PAH analysis, oysters were homogenized and the PAHs were extracted using Agilent 
QuEChERS method.  The extracts were filtered and diluted 1:1 with water and were analyzed 
using an Agilent 1100 LC coupled to a HP 1046A Fluorescence detector.  Fluorescence 
experiments were conduced on a PerkinElmer LS 55 luminescence spectrometer. 
Results and Discussion 
      A comparison of top and bottom temperatures,  salinities, and oxygen concentrations showed 
no evidence of  stratification of the water column or depletion of oxygen, Table 1. The mean 
salinity of the oiled area was higher than the salinity of the un-oiled area. Oxygen  concentrations 
were similar in the oiled and un-oiled areas; likewise, water depths were similar at sites in the 
oiled and un-oiled areas. No observable oil was detected in any of the samples. 
No Dermo i fectio  was found 
in oysters in the un-oiled area in 
contrast to a 43% infection of 
oysters in the oiled area. There is 
evidence that Dermo is 
exacerbated by pollutants such as 
hydrocarbons.
5,6
  However, in the 
absence of PAHs, the differences 
in disease are likely due to the 
differences in salinity of the two 
Table 3. PAH perc nt recov ries 
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Figure 7.1.  (a) Map of collection sites.  Area 1: site 1, 2, 3 (un-contaminated sites) and Area 2: 
sites 4, 5, 6 (contaminated sites).  (b) The 08-May-11 SCAT oiling ground observations. Oil 
contamination is reported as follows: heavy (●), moderate (●), light (●), very light (●), no oil 
found (●), trace <1% (July 22, 2010).159 
Before analysis the extracts were diluted 1:1 with water.  The samples were then 
analyzed using an Agilent 1100 high performance liquid chromatograph with a Zorbax Eclipse 
PAH analytical column (4.6 x 50 mm 1.8 μm) coupled to a HP 1046A fluorescence detector.  
The flow rate was 0.8 mL/min and the LC and fluorescence parameters are listed in Tables 7.3 
and 7.4.  Fluorescence scan experiments were conducted on a PerkinElmer LS 55 luminescence 
spectrometer.  Excitation wavelength for the full fluorescence scans was 260 nm with emissions 
collected from 300-500 nm and the excitation and emission wavelengths of 5 nm.   
 
2 
5 
1 
3 
4 
6 Area 1 
Area 2 
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Table 7.2. Weight and shell length of the oysters used for PAH analysis 
Area 1 Area 2 
Site Oyster 
Shell height 
(mm) 
Meat weight 
(g) 
Site Oyster 
Shell Height 
(mm) 
Meat Weight 
(g) 
1 1 69.61 7.57 4 1 104.25 21.83 
 2 69.18 10.45  2 85.47 16.62 
 3 73.73 10.71  3 101.37 25.83 
 4 70.50 7.89     
2 1 97.83 17.27 5 1 93.58 17.26 
 2 99.44 15.08  2 96.57 15.99 
 3 87.35 14.52  3 106.02 19.70 
 4 93.58 23.13  4 93.58 18.50 
3 1 104.29 21.83 6 1 93.93 22.97 
 2 85.47 16.62  2 99.13 24.76 
 3 101.37 25.83  3 97.47 26.71 
 4 120.06 31.63  4 101.95 23.99 
 
Table 7.3. Mobile phase parameters for PAH analysis 
Time (min) % Acetonitrile % Water 
0 60 40 
1.5 60 40 
7 90 10 
13 100 0 
30 100 0 
30.01 60 40 
35 60 40 
 
Table 7.4. Fluorescence parameters for PAH analysis 
Time (min) λex (nm) λem (nm) PMT-Gain 
0 260 352 13 
5.5 260 420 13 
15.25 260 460 13 
 
Results and Discussion  
Extraction methods were verified by spiking store bought oysters (Motivatit Seafoods) 
with a 16 QTM PAH mixture (Supleco).  Calibration curves were constructed and the percent 
recoveries for each PAH was calculated, Table 7.5.  Detection limits for the PAHs were 15ng/g 
of wet oyster weight.  For the 16 PAHs, 13 were observed with a similar recovery as reported by 
Gratz et al.
296
  In addition, 11 of the 13 PAH recoveries were 75% or above, which is acceptable 
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with biological samples.  Recoveries of 74.3% and 57.6% were observed for benzo[a]pyrene and 
benzo[g,h,i]perylene which are known to be challenging to extract from biological samples.   
Table 7.5. Percent recoveries of the PAHs monitored 
PAH % Recovery 
naphthalene 104.7 
acenapthene 107.2 
fluorene 89.1 
phenanthrene 87.2 
anthracene 82.2 
fluoranthene 96.0 
pyrene 95.8 
benz[a]anthracene 81.3 
chrysene 93.3 
benzo[b]fluoranthene 76.1 
benz[a]pyrene 74.3 
dibenz[a,h]anthracene 76.0 
benzo[g,h,i]perylene 57.6 
 
 Oyster samples from oiled and un-oiled sites were analyzed for PAH content, Figure 7.2.  
It is evident from the chromatogram that 12 of the 13 PAHs monitored were not found in either 
of the oyster samples.  A peak at 12 minutes coincided with the retention time of 
benzo[a]pyrene; however, this peak was also observed in the uncontaminated and reference 
oyster samples.  To further study this peak, the compound was collected and analyzed using 
fluorescence spectroscopy, Figure 7.3.  From the spectra it is obvious that the 12 minute peak 
observed in the oyster extracts was not benzo[a]pyrene.  Since the peak was observed in all the 
oyster samples, it is concluded to be a component of the oysters. 
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Figure 7.2. LC-FLD chromatogram of the PAH standard (▬), un-oiled (▬) and oiled samples 
(▬). 
 
 
Figure 7.3. Florescence scan of the 12 minute peak: benzo[a]pyrene (▬), purchased oyster (▬), 
un-oiled oyster (▬), and oiled oyster (▬). 
 
Michael et al. studied the PAH concentrations in oysters in El Salvador after a small 
shallow oil spill in which dispersants were used.
297
  In that study, high concentrations of PAHs 
from the source oil were observed 7 days after the spill.  After 28 days, the concentration of 
PAHs decreased 94-98%.  Six months after the spill low levels of PAH were still detected, but 
identification data suggested PAH sources other than the oil spill.   In contrast, Neff et al. 
monitored the PAHs in oysters for 27 months after the Amoco Cadiz oil spill.
298
  PAHs were 
detected 27 months after the spill; however, it is suspected that the oysters were recontaminated 
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23 months after the spill from a storm induced resuspension of the contaminated sediment.  Kelly 
et al. observed PAH concentration in oyster to range from 20.2 to 484μg/kg dry weight 10 
months after the Jiyeh oil spill.
299
  A key factor to consider during the comparison of PAH 
concentration to those previously reported is that most reported detectable PAH concentrations 
are given in dry weight values.  For our study, we have reported the wet weight concentrations 
which can be 2 to 15 times lower than dry weight values.  In addition, some studies do not 
identify that the PAHs detected are those of the source oil.  Therefore, it is possible that the PAH 
detected could be contributed from other oil sources or other PAH sources (i.e. pyrogenic 
sources). 
 Barszcz et al. studied the physiological changes to oysters that were chronically exposed 
to low levels of oil.  In their studies they found that oil exposure led to reduced food intake and 
an emaciated appearance.
300
  In addition, they observed that the oyster tissues were clear and the 
connective tissue was swollen.  To evaluate the health of the oysters, Dr. Soniat calculated the 
condition index of 10 oysters collected from each site, Table 7.6.  To calculate the condition 
index the oyster’s wet meat weight was divided by the shell weight and the resulting value was 
multiplied by 100.  From the data it is evident that the condition index of the oiled oysters rival 
that of the un-oiled oysters, thus suggesting that the oysters were relatively healthy.   
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Table 7.6.  Reproductive, condition and disease metrics based on composites of 10 oysters. Area 
1 includes the un-oiled sites (1-3), whereas Area 2 includes the oiled sites (4-6). GI = Gonadal 
Index, CI = Condition index, PF = Percent female, WP = Weighted prevalence, II = Infection 
intensity, and PI = Percent infection.
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Area Site GI CI PF WP II PI 
1 1 6.38 8.58 60 0 0 0 
1 2 5.35 10.24 50 0 0 0 
1 3 5.15 9.43 60 0 0 0 
2 4 7.17 11.05 60 0 0 0 
2 5 7.61 8.46 80 0.33 0.56 60 
2 6 8.75 8.86 80 0.6 0.86 70 
 
Dermo disease prevalence was measured for the collected oysters.  Samples collected 
from un-oiled sited did not exhibit Dermo disease; however, most samples from 2 of the 3 oiled 
sites were infected.  Wilson et al. observed a significant increase in Dermo disease in oysters 
exposed to PAHs.
301
 In addition, studies have established that infection intensities increase in 
salinities above 20 ppt.
302, 303
  In our study, PAH contamination was not detected in the any of 
the oyster samples.  Consequently, Dermo infection is due to the high salinities at sites 5 and 6.  
Conclusions 
 Approximately six months after the capping of the Macondo wellhead, no PAH 
contamination was not found in oysters from oil and unoiled sites.  Differences in the Dermo 
infection, condition, and reproductive state were observed in oiled sites verses unoiled sites.  
These variations were concluded to be due to natural differences in the salinities of the two sites 
and not to PAH contamination.   
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Chapter 8 
 
Summary and Future Work 
 
Toxic pollutants pose sever risk to the environment and species depending on the 
environment for survival.  To alleviate the toxicity risks, remediation of polluted areas is need.  
The research presented in this dissertation focused on two different methods of remediation for 
two classes of pollutants: Fenton degradation of TNT and photolytic degradation of oil from the 
Deepwater Horizon oil spill.  In addition to these studies, oil contaminated oysters were analyzed 
for PAH accumulations.   
The first study presented in this dissertation was the Fenton degradation of TNT.  These 
experiments were conducted at near neutral pHs with varying iron concentrations.  In these 
studies a maximum of 44% of the TNT was removed with 0.75 and 1 mM of iron.  After the 
reaction proceeded for 1.5 minutes, degradation of TNT ceased due to the precipitation of iron at 
the near neutral pHs.  Higher iron concentration resulted in the decrease in degradation rate due 
to the surplus of iron acting as a radical scavenger.  When β-cyclodextrin and carboxymethyl-β-
cyclodextrin were added to the reaction, an increase in degradation was observed; however, at 
lower iron concentrations inhibition of TNT degradation was observed.  The increase in the 
degradation of TNT at higher iron concentration is the result of the formation of binary and 
ternary complexes and to the formation of secondary radicals that are more efficient at degrading 
the TNT.  Addition of the hydroxyl radical scavenger diethyl ether to the cyclodextrin systems, 
did not result in a decrease in the degradation rate as was previously observed in other studies 
with different pollutants.  In fact, the diethyl ether caused enhanced degradation of TNT.  Since 
diethyl ether is not environmentally friendly, studies were conducted on polyethylene glycol 
(MW = 200, 400, 600 g/mol), diethylene glycol, diethyl ether, dipropyl ether, ethanol, ethyl 
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acetate, or methanol.  In comparison to water only reactions, increases in degradation rates were 
observed in reactions with all organic modifiers but methanol.  Further investigation of 
polyethylene glycol (PEG) at different iron concentrations displayed similar results as seen with 
the cyclodextrins: lower iron concentration led to a inhibition in degradation while higher iron 
concentration resulted in an increase in degradation in comparison to water systems.  Pseudo first 
order rate constants were compared and the enhancement of TNT degradation in the presence of 
organic modifiers followed the trend: PEG 600 ~ PEG 400 > β-CD ~ PEG 200 > CM-β-CD. 
Studies were conducted on the mechanism of Fenton degradation with PEG present via 
comparing the rate constants of Fenton degradation of other nitrotoluenes and monitoring the 
production of nitrate and ammonium.  Pseudo first order rate constants for 2-nitrotoluene was 
almost 10 times that for TNT without PEG present; however with PEG present, TNT’s rate 
constants was 10 time larger than 2-nitrotoluene.  Since 2-nitrotoluene is much more readily 
oxidized than TNT and TNT is much more readily reduced than 2-nitrotoluene, it is evident that 
Fenton degradation of TNT with PEG proceeds through a reductive pathway.  Analysis of ionic 
products of the Fenton reactions showed that without PEG present only nitrate was produced. 
When PEG was present nitrate production decreased and ammonium was produced.  The 
productions of ammonium in the reactions with PEG indicate that when PEG is present in the 
system a reductive pathway is occurring.   
 Studies presented in this dissertation have observed increases in the Fenton degradation 
of TNT with a series of organic modifiers.  Studies have proven that Fenton degradation in the 
presence of PEG proceeds though a reductive pathway.  Future work will investigate Fenton 
degradation with PEG on other readily reduced pollutants such as polychlorinated biphenyls.  In 
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addition experiments will be conducted to examine the degradation interferences from natural 
organic matter, such as fulvic and humic acids.          
The second topic presented in this dissertation was the photolytic degradation of oil from 
the Deepwater Horizon oil spill.  These studies were conducted on weathered oil collected from 
the Gulf of Mexico surface and source oil collected from the Macondo wellhead.  In addition to 
using different oil samples, studies were conducted with and without photocatalyst (TiO2 and 
Fe2O3) and with and without dispersants (Corexit EC9500A and Corexit EC9527A).  
Degradation in the studies was determined by monitoring the changes in PAH and alkane 
concentration over time.  In addition, toxicity of the photodegradation products were monitored 
over time.   
Visually, the dispersants had little effect on the surface oil, however rapid mixing was 
observed for source oil samples with dispersants.  With all samples the oil was physically 
diminished over the irradiation time.   Decrease in the PAH concentration was observed with 
irradiation for all samples.  Identical rates of PAH degradation were observed for Fe2O3 and no 
oxide samples for the surface oil samples.   For non-dispersed and Corexit EC9527A samples 
increase in the degradation of large molecular weight PAH in comparison to the lower molecular 
weight PAHs was observed.  Almost all samples exhibited a decrease in degradation when 
dispersants were present.  This decreased can be attributed to two mechanisms.  The first is the 
increase in water solubility of the oil, which changes the reactivity of the oil due to the change in 
the environmental interactions, oil matrix in direct contact with air verses oil dissolved in water. 
The second reason for the decrease in degradation is that the dispersant can scavenge reactive 
intermediates so that they cannot react with the oil components.   
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Alkane analysis indicated a loss in lower molecular weight alkanes during irradiation.  
Heptadecane to pristane and octadecane to phytane ratios indicated that in surface oil samples 
photodegradation was not occurring.  Further studies determined that loss of the lower molecular 
weight alkanes was due to evaporation.  Similar loss was observed for source oil samples, but the 
linear to branched alkane ratios indicated that after 24 hours of irradiation branched alkanes did 
undergo some degradation for the no oxide samples without dispersant.  Additionally, increases 
in the ratios were observed for the TiO2 which suggest that the linear alkanes were degrading in 
the systems with TiO2 present.   
Increases in the toxicity were observed for all samples over irradiation time.  Unirradiated 
surface oil samples were found to be relatively nontoxic.  Lower toxicities were observed after 3 
and 6 hours for non-dispersed irradiated surface oil samples with photocatalyst.  Dispersants 
alone were found to kill 35% of test bacteria, however in comparison to the dispersant only 
samples slight decreases in toxicity were observed in the dispersed oil samples.  Indistinguishable 
toxicities were observed for dispersed oil samples with and without TiO2.  Dark source oil killed 
roughly 60% of the test bacteria.  Increases in the toxicity of the source oil in comparison to the 
surface oil are due to the presence of the water soluble polar products, which were previously 
depleted in the surface oil.  Non-dispersed TiO2 samples exhibited slightly less toxicity than the 
no oxide samples for 3 and 6 hours. Adding dispersants to the source oil increased the 
unirradiated source oil sample toxicity to 70 percent.  Similar toxicities were observed for 
Corexit EC9527A samples with and without photocatalyst, however for Corexit EC9500A with 
TiO2 samples showed lower toxicities  for 6 and 12 hour irradiated samples in comparison to the 
no oxide samples.  After 24 hours of irradiation, all samples exhibited indistinguishable toxicities 
whether or not photocatalyst were present in the system.  After 24 hours of irradiation, non-
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dispersed surface oil samples killed 82% and 89% of the test bacteria for no oxide and TiO2, 
respectively and no oxide Corexit EC9527A samples killed 92% of the test bacteria.  In all other 
studies 100% of the test bacteria was killed after 24 hours.   
Future research on the oil project will study the mechanism of photodegradation and the 
photodegradation products. To study the mechanism a variety of different methods will be 
employed.  To analyze the kinetics of alkane photodegradation, the oil will be separated into 
different fractions and analyzed via GC-FID and GC-MS.  Additionally, studies will be 
conducted with a series of scavengers to better understand the role that hydroxyl radical, singlet 
oxygen, and triplet oxygen play during the photodegradation of oil.  To study the products of 
photodegradation, HPLC-MS studies will be conducted on the aqueous portion of the reaction 
system.  The aforementioned studies will be conducted with and without photocatalyst present.  
In addition to the TiO2 nanoparticles previously studied, ZnO nanoparticles, TiO2 nanotubes and 
ZnO nanotubes will be studied.    Furthermore, the above studies will be conducted with 
chemically dispersed oil.   
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